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ABSTRACT 

 

THE INFLUENCE OF THERMAL EFFLUENT ON LIFE HISTORY EVOLUTION  

IN THE WESTERN MOSQUITOFISH,  

GAMBUSIA AFFINIS 

 

Amanda Boyles, MS 

 

The University of Texas at Arlington, 2015 

 

Supervising Professor: Matthew R. Walsh 

The evolutionary consequence of heated effluent on the Western mosquitofish, Gambusia 

affinis, was studied at Lake Fairfield, in Freestone County, Texas. The Lake Fairfield reservoir 

receives heated effluent from Luminant’s Big Brown Power Station. Heated effluent from the 

power station is discharged into a ‘hot pond’ reservoir before it is allowed to return after cooling 

to the main reservoir, or ‘main lake’ of Lake Fairfield. Heated effluent elevates the temperature 

of the hot pond throughout the year and the elevation in water temperature has selected various 

life history traits in G. affinis that are divergent from the main lake G. affinis population, such as 

growth rate, clutch size, reproductive allotment, lipid content, and size at maturity. This work 

builds upon previous research demonstrating evidence for genetic divergence between the two 

populations of G. affinis residing in the heated and non-heated regions in Lake Fairfield, and 

takes the logical next step by exploring these same populations for genetic shifts in life history 

traits that are directly connected to rates of population growth. This was accomplished by 

examining patterns of phenotypic life history variation (phenotypic assays) in preserved 
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specimens collected monthly over the course of a year, by performing two sets of reciprocal 

transplant experiments, and a complimentary common garden experiment. The assessment of 

phenotypic variation between sites revealed that G. affinis in the hot pond exhibit smaller clutch 

sizes, smaller reproductive allotment, larger lipid stores, and larger male maturation sizes than G. 

affinis in the main lake. The results of two independent reciprocal transplant experiments as well 

as a common garden experiment provide evidence for locally adapted differences as 

mosquitofish fish from the main lake exhibited faster rates of growth than fish from the hot pond 

and such differences were generally larger when all populations were reared in the main lake. 

The assessment of environmental parameters between the hot pond and main lake showed that 

water temperature was consistently higher in the hot pond and that potentially covarying factors, 

such as dissolved oxygen, conductivity, salinity, and pH, did not differ between the divergent 

environments. The observed life history differences between the hot pond and main lake are 

therefore best explained as driven by elevated water temperature due to the release of heated 

effluent. Given that the Big Brown Power Station commenced operation in 1971 and has been 

continuously operating since that time, our results substantiate that human driven alteration to 

thermal regimes can drive significant evolutionary changes within 44 years. This study provides 

information on the extent to which species can rapidly adapt to increased environmental 

temperatures in the form of artificial heating and alter the expression of life history traits when 

isolated in environments that receive heated effluent. The results of this study also represent an 

important step in the integration of evolutionary biology and conservation science, and offer 

information to be considered when adopting management plans for conserving aquatic 

communities. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Humans and the Environment 

It is becoming increasing clear that human activities have the potential to exert significant 

selective pressures on the properties of populations, communities, and ecosystems (Stockwell et. 

al. 2003; Hendry et al. 2008). The documented evolutionary impacts of humans include genetic 

responses to anthropogenic contamination, selective fishing, introduced species, and 

eutrophication (Stockwell et al. 2003; Smith and Bernatchez 2008). For example, size-selective 

hunting and fishing favors the evolution of smaller body sizes in bighorn sheep (Palkovacs et al. 

2012) and exploited marine fishes (Smith and Bernatchez 2008). Additional examples include 

the evolution of pesticide resistance in many insects and evolutionary changes in native species 

in response to the introduction of exotic species (Palumbi 2001). Importantly, this large body of 

research has shown that such responses to human activities can occur rapidly in nature over 

periods of years to decades (Stockwell et al. 2003).  

Many human activities have been expanding with increasing size of the human 

population, which has increased overall demand for resources. Electrical power is one of the 

many resources increasing in demand, fueling the growth of the electric power industry and 

increasing the number of electrical power stations and the amount of land allotted to power 

(Sylvester 1972). Many of these power plants generate electricity by heating water and 

converting it to steam. During this process, water is typically pumped from a nearby body of 

water to cool and condense the steam before it is returned to the boilers. The ‘heated effluent’ 

produced is returned to the body of water as a byproduct of the power generating process. Heated 
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effluent is significantly warmer than the initial source of water (Watson 2008) and may thereby 

represent another byproduct of human activities that has the potential to drive significant 

evolutionary changes in aquatic environments. For example, anecdotal evidence indicates that 

heated effluent may influence metabolic rate, development rate, temperature preference, and 

lethal limits of fish (Sylvester 1972). Work has also shown that heated effluent is associated with 

genetic increases in the thermal tolerances of fish (Britton 2005). Given that temperature is a 

well-known driver of evolutionary changes in a wide array of organismal traits (Hoffmann and 

Daborn 2007; James and Partridge 1995; Partridge et al. 1994), it is logical to predict that heated 

effluent may have extensive evolutionary consequences. Yet, our understanding of the genetic 

consequences of heated effluent in a natural setting is currently limited. 

The Big Brown Steam-Electric Power Station, located in Freestone County, Texas, 

(Figure 1-1) is a power plant that releases heated effluent when generating electricity. The 

burning of fuel heats and then converts purified water to steam in steam turbines, and pressure 

generated during this process is used to generate electricity. The steam is then condensed with 

raw water drawn in directly from Lake Fairfield. After raw lake water is used to cool and 

condense steam, it is pumped out of the plant as a ‘heated effluent’, where it eventually re-enters 

the main reservoir, or ‘main lake’, of Lake Fairfield (Figure 1-2). Raw water from Lake Fairfield 

is constantly being pumped through the power plant’s steam condenser and discharged into a 

cooling reservoir, or ‘hot pond’. It is in the hot pond where heated effluent is allowed to partially 

cool before flowing into a lower canal and re-entering the main reservoir, or ‘main lake’, of Lake 

Fairfield. Throughout the year, heated effluent elevates the temperature of the hot pond by an 

average of 9oC in comparison to the main lake (Watson 2008). 
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Figure 1-1 A map of Texas with Freestone County, the locale of the Big Brown Steam Electric 

Power Plant, shaded in black (edited from https://www.diymaps.net) (for full citation see “Do It 

Yourself Color Coded State, US, Canada and Mexico Maps” in References section). 
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Figure 1-2 Diagram of Lake Fairfield and the flow of heated effluent (Watson 2008). Raw water 

from Lake Fairfield is drawn into the Big Brown Steam Electric Power Station (1) and 

discharged as heated effluent into the upper effluent canal (2), where it flows into the hot pond 

reservoir (3), then into a lower effluent canal (4), where it finally re-enters the main reservoir, or 

‘main lake’, of Lake Fairfield (5). 

 

1.2 The Western Mosquitofish 

The Western mosquitofish, Gambusia affinis, is a widely distributed live-bearing fish 

found in both the hot pond and main lake of Lake Fairfield (Britton and Moser 1982; Langerhans 

et al. 2004). The natural range of G. affinis in North America extends along the eastern and 

southeastern portion of the continent (Reznick et al. 2006). Adult males and females reach 

maximum lengths of 1.25 and 2.5 inches, respectively (Krumholz 1948). The fish exhibits sexual 

dimorphism, with males having a modified anal fin that is elongated into an intromittent organ, 
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or gonopodium, whereas the anal fin of the female is unmodified and triangular in shape (Deaton 

and Cureton II 2011) (Figure 1-3).  

 

Figure 1-3 Illustration of a male (top) and female (bottom) western mosquitofish (edited from 

http://berdfish.com.ua/modules.php?name=News&file=view&news_id=111)  

(for full citation see “Berdichev” in References section). 

 

Gambusia affinis has long served as a model organism for studies of local adaptation in 

response to environmental stressors in aquatic environments (Langerhans et al. 2004; Stearns 

1983). This is because G. affinis is able to persist across extensive gradients in many 

environmental parameters such as ammonia and nitrate concentrations, salinity, temperature, and 

dissolved oxygen levels (Hubbs 2000). Gambusia affinis also has extremely rapid reproductive 

capabilities: individuals can reach sexual maturity in as little as 30 days and produce many 

broods in a year. (Krumholz 1948). Specimens of G. affinis are also able to acclimate to a wide 

1 cm 
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variety of environments across the globe and have been extensively introduced by humans in 

efforts to control mosquito populations (Hubbs 2000; Krumholz 1948; Pyke 2005).  

 

1.2.1 Prior Research on Mosquitofish in Lake Fairfield 

In the ‘main lake’ of Lake Fairfield, water temperatures remain below the thermal 

maximum of G. affinis throughout much of the year (Britton 2005; Watson 2008). Yet, this is 

often not true in the hot pond, where temperatures during the summer months can exceed 42oC 

(the thermal limit of G. affinis) (Britton 2005). Such extreme temperatures may potentially 

impose selection on thermal tolerance in the G. affinis population found in the hot pond section 

of Lake Fairfield. This situation has provided past opportunities to explore the adaptive 

responses of G. affinis in response to heated effluent in the hot pond of Lake Fairfield by 

quantifying genetic shifts in thermal tolerance. Dean (1981) showed that specimens of G. affinis 

from the hot pond could tolerate slightly higher temperatures than fish from the main lake. Dean 

(1981) also showed that there were allozyme frequency differences between populations in 

waters receiving and not receiving heated effluent. Such work indicated that the population of G. 

affinis in the hot pond was reproductively isolated from the main lake population. 

Britton (2005) significantly extended our understanding of the genetic consequences of 

heated effluent in G. affinis in Lake Fairfield. Similar to Dean (1981), he also observed 

significantly higher thermal tolerance limits in specimens of G. affinis from the hot pond when 

compared with fish from the main lake. Importantly, Britton (2005) also demonstrated that these 

differences in thermal tolerance were heritable and maintained after two generations of rearing in 

a common laboratory setting. Such results suggest that elevated water temperatures due to 

release of heated effluent have selected for higher thermal tolerances in fish found in the hot 
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pond. This conclusion was further supported by experiments that reciprocally transplanted 

specimens of G. affinis between the hot pond and main lake which indicated that the hot pond 

fish survived at a much higher rate in the hot pond than G. affinis from the main lake (Britton 

2005). These divergent characteristics are classically interpreted as providing evidence for local 

adaptation in response to contrasting ecological conditions (Schluter 2000). 

More recent research explored the costs of adaptation of G. affinis in the hot pond section 

of Lake Fairfield (Watson 2008). For example, evolutionary increases in upper thermal 

tolerances may, in turn, influence the ability of G. affinis to persist in cooler water temperatures. 

In agreement with this hypothesis, Watson (2008) showed that individuals of G. affinis from the 

hot pond had higher lower thermal limits than those from the main lake. Collectively, research to 

date has provided strong evidence for an evolutionary consequence of heated effluent on the 

physiological characteristic of the hot pond G. affinis population in Lake Fairfield (Dean 1981; 

Britton 2005; Watson 2008).  

 

1.2.2 Current Focus: Life History 

A key next step in research exploring the evolutionary impacts of heated effluents is to 

consider how heated effluents influence the expression of traits that have direct connections to 

the population dynamics of organisms. Life history traits encompass characteristics that 

contribute to the population growth of organisms. This includes traits such as age at maturation, 

somatic growth, offspring number, offspring size, and longevity (Roff 1992). Life history traits 

are well known to respond genetically to variation in ecological conditions such as differences in 

predation pressure (Reznick et al. 1990), resource availability (Walsh and Reznick 2008), and 

seasonality (Conover and Present 1990). Yet, our current understanding of the influence of 
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thermal environments on life history traits in G. affinis is limited to phenotypic studies that 

examine the influence of variation in temperature on the expression of life history traits. For 

example, Vondracek et al. (1988) showed that increased water temperature was associated with 

faster rates of individual growth, earlier maturation, and the production of greater broods of 

offspring. These same trends have proven repeatable in additional studies (Meffe 1992; Mulvey 

et al. 1994). This work collectively showed that thermal environments influence the expression 

of life history traits. However, these studies did not isolate genetic effects from environmental 

effects and, thus, tell us nothing about the evolutionary importance of thermal environments (i.e., 

heated effluents).  

The objective of this study was to quantify the link between elevated ambient water 

temperatures in the hot pond of Lake Fairfield and the evolution of life history traits in G. affinis. 

The phenotypic and genetic life history variation of G. affinis was explored in sites that were and 

were not continually exposed to a heated effluent in Lake Fairfield. The study focused on two 

central questions: 

 

Question 1: What are the phenotypic correlates of heated effluent in Lake Fairfield and 

how does seasonality influence these potential differences?  

The logical first step in exploring the potential evolutionary impacts of heated effluents 

on life history traits was to determine if there are phenotypic differences between fish that were 

or were not found in the hot pond section of Lake Fairfield. There are two reasons why this 

sampling was important: first, the phenotypic assays would demonstrate how traits of G. affinis 

differ between divergent environments and, thus, set a baseline for experiments examining 

evidence for local adaptation. Second, the year-round sampling scheme would illustrate how 
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seasonal environmental changes modify the expression of traits in G. affinis and also determine 

whether seasonal effects have an influence on the magnitude of trait divergence between G. 

affinis populations in the hot pond and main lake.  

I first tested the influence of heated effluent on the evolution of life histories by 

collecting wild-caught specimens from the heated (i.e., hot pond) and non-heated sites (i.e., 

Fairfield Lake proper) and compared these specimens for differences in several life history traits. 

Based upon previous work (Meffe 1992; Mulvey et al. 1994; Vondracek et al. 1988), I predicted 

that fish from the hot pond would be smaller at maturation and produce larger clutches of 

offspring.  

Seasonal variation can influence life history traits in fishes (Blanck and Lamouroux 2007; 

Conover and Present 1990). Transitions from spring and summer into fall and winter are 

generally characterized by periods of slower growth and development and minimal reproduction. 

Given that the heated effluent maintains a higher temperature in the hot pond year-round 

(Watson 2008), it is plausible that the G. affinis population in the hot pond would be able to 

allocate resources to reproduction over a greater proportion of the year than the G. affinis 

population in the main lake. Therefore, I also quantified fish phenotypes over a one-year period 

to better characterize the influence of seasonality on life history traits and determine if exposure 

to the heated effluent in the hot pond significantly modified this relationship. 

 

Question 2: Does heated effluent drive life history evolution in G. affinis?  

The second goal of this project was to perform experiments designed to isolate genetic 

from environmental influences. To accomplish this objective, I performed complementary 

transplant and common garden experiments. This included reciprocal transplant experiments to 
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evaluate the fitness of specimens of G. affinis from divergent populations under more natural and 

variable conditions. Reciprocal transplant experiments were performed in the hot pond and main 

lake to determine if there were genetic differences in growth rate when fish from each habitat 

were compared in their ‘home’ vs. ‘away’ environments (Schluter 2000). Evidence for local 

adaptation would be revealed if specimens of G. affinis from the hot pond population exhibited 

faster growth than individuals from the main lake population in the heated effluent locale, but 

such trends should be reversed when specimens of G. affinis from the heated effluent site are 

transplanted to the main lake. These experiments were performed twice during different seasons 

in order to determine if the results were consistent across seasons. I also conducted a common 

garden experiment to determine if there are differences in the expression of life history traits 

under highly controlled, yet more artificial conditions. 
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CHAPTER 2 

METHODS 

 

2.1 Environmental Sampling 

I first assessed how the hot pond and main lake differed in environmental parameters that 

potentially covaried with heated effluent. The hot pond and main lake were regularly measured 

for variation in water temperature (which was expected to differ), dissolved oxygen, 

conductivity, pH, and salinity. These parameters represented a range of biotic and abiotic factors 

that can influence the expression of life history traits. The collection of these environmental data 

occurred at a depth of 1 meter within areas of submerged aquatic vegetation where fish were 

collected at each site (Figure 2-1). Monitoring occurred monthly during collections of wild-

caught fish for phenotypic assays (see below), except during August and December 2014 and 

January, February, and March 2015. During these months, gravid female G. affinis were not 

found in the main lake and environmental data were thus not taken. More frequent assessment of 

abiotic variation was performed during the reciprocal transplant experiments, with discharge and 

intake temperatures recorded every two hours during both reciprocal transplant experiments. 

Additionally, HOBO™ Pendant Temperature/Light Data Loggers recorded temperatures within 

and directly outside of the experimental mesocosms every hour during the second reciprocal 

transplant experiment. These abiotic parameters were quantified using a YSI EXO1 Water 

Quality Sonde (during the monthly sampling events), HOBO™ Pendant Temperature/Light Data 

Loggers, and data provided by the Big Brown Steam Electric Power Station.  
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2.2 Phenotypic Trait Assays 

All methods of fish collecting and rearing for all experiments in this study were accepted 

and approved by IACUC protocol number A14.009. Phenotypic life history variation over the 

course of a one-year period in G. affinis was assessed from the hot pond and main lake of Lake 

Fairfield. Beginning in March 2014, specimens of G. affinis from the hot pond and main lake 

(Figure 2-1) were collected for assessments of life history traits. This sampling occurred 

monthly, at the same time each month. Data were collected over the course of a full year except 

for during the months of August and December 2014 and January, February, and March 2015 

because gravid female specimens of G. affinis were not found in the main lake during these 

times. For each sampling event, 20 gravid females were collected with a WARD’S™ standard 

butterfly net in areas abundant with aquatic vegetation and less than 1 meter deep. For a subset of 

the sampling trips, I also evaluated variation in male size at maturation by collecting mature 

males from each site, measuring them for total length and weight (representing size at maturity), 

and then releasing all fish back into their respective environments. All gravid female fish were 

immediately euthanized via an overdose of MS-222 and preserved in 70% ethanol. Each fish was 

dissected to quantify several life history traits including clutch size, offspring size, and a measure 

of total reproductive investment (see Walsh and Reznick 2009). Fat weight was also quantified 

within females in order to assess total energy allocation between the two populations. First, the 

number and wet weight of all offspring were measured and all ova and developing embryos were 

staged (see Haynes 1995). Each fish and its respective clutch was then dried in a Thermo 

Scientific drying oven at 60oC for 24 hours in order to measure female dry somatic weight and 

the dry mass of its offspring (Vondracek et al. 1988). Reproductive allotment was measured as: 

dry weight of offspring/total dry weight of female x 100. Wet and dry weight estimates were 
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obtained for all other parameters. After drying, the dissected females were placed into individual 

vials and covered with anhydrous diethyl ether for 24 hours in order to extract lipids. This 

procedure was repeated a second time and fish were then re-dried at 60oC for 24 hours (see 

Reznick and Braun 1987). The weight of fish after extraction subtracted from the initial dry 

weight before extraction represented the fat weight of each fish. To analyze fish from the hot 

pond and main lake for differences in life history traits, general linear models were used with 

population entered as a fixed effect and date entered as a random effect. I entered fish size as a 

covariate for the analyses of clutch size (number of embryos) and lipid content. Prior to prior 

performing these analyses, assumptions of normality and homogeneity of variances were 

confirmed upon inspection of boxplots and the distribution of residuals.  
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Figure 2-1 Sampling sites where mature male and gravid female Gambusia affinis were 

collected for the phenotypic assays and sites where juvenile G. affinis were collected for the 

transplant and common garden experiments. ‘A’ represents the site in which G. affinis were 

collected in the hot pond, and ‘B’ represents the site in which G. affinis were collected in the 

main lake.  

 

2.3 Reciprocal Transplant Experiments 

 Two reciprocal transplant experiments were performed in Lake Fairfield to test for 

genetic differences in life history traits between individuals of G. affinis from the hot pond and 

main lake, which were specifically evaluated for differences in growth rate in their ‘home’ and 

‘away’ environments (Figure 2-1). These experiments occurred in September-October 2014 and 

May-June 2015. The first experiment was performed in October because previous work had 

shown that fish from the main lake suffer very high mortality rates when transplanted from the 

main lake into the hot pond during summer months of peak temperature (i.e., July-August) 

(Britton 2005). Average temperatures in the hot pond during September-October were 10-15°C 

higher than winter temperatures but were also several degrees cooler than those occurring during 



 

15 
 

peak summer months and were below the 42°C thermal maximum of G. affinis (Britton 2005; 

Watson 2008). Temperatures in the hot pond remained below the thermal maximum of G. affinis 

during the course of these experiments and fluctuated between 20°C and 36°C (during the 

October transplant experiment) and 29°C and 41°C (during the May-June transplant experiment). 

Temperatures in the main lake fluctuated between 22°C and 30°C (during the October transplant 

experiment) and 25°C and 35°C (during the May-June transplant experiment). 

Lab acclimated fish were transferred to experimental containers in their ‘native’ thermal 

regime and also reciprocally transplanted between the divergent environments (hot pond vs. 

main lake) (Figure 2-1). Both experiments utilized 12 mesocosms per location; 6 mesocosms 

received fish from the hot pond while the other 6 received fish from the main lake. In the first 

experiment, 20 juveniles were placed into each mesocosm, while 13 fish were placed into each 

mesocosm to initiate the second experiment. Each enclosure received an ad libitum amount of 

commercial flake food daily, following previous established feeding procedures for fish in this 

study system (Britton 2005). The experiment ran for 14 days and the length and wet weight of all 

fish was measured at the beginning and at the conclusion of the experiment. For each enclosure, 

per capita growth rates were quantified as: (mean length/weight on day 14 – mean length/weight 

on day 1)/14 days. 

 

2.3.1 Mesocosm Description 

The design and implementation of the individual field enclosures followed previously 

established protocols for the study of G. affinis in Lake Fairfield (see Britton 2005). Field 

enclosures were made using a flotation structure with plastic 5-gallon buckets modified with 

bottoms and sides were drilled with holes (see Figure 2-2). The holes in each bucket were 
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covered with 1.0-mm plastic mesh screens so that water could flow into the containers but 

juvenile fish could not escape. To prevent organisms (i.e., avian predators) from disrupting the 

experiments, tight fitting lids with holes covered with 1.0-mm mesh were fixed to each 

mesocosm. Each 5-gallon bucket mesocosm was attached around the perimeter of the rim to a 

flotation device made from 4-inch polyvinyl chloride (PVC) pipe. This PVC structure was filled 

with expandable foam to ensure flotation even in the event of a puncture, and a total of 6 

mesocosms were attached to each structure. Each PVC structure was tied to two T-posts 

anchored into the substrate to stabilize the mesocosms during the course of the experiment. 

These mesocosm structures were checked daily for any water fluctuations, and adjusted 

accordingly to ensure the bucket rims remained on the surface of the water and the holes 

remained submerged. Each mesocosm structure was suspended at the water’s surface at a depth 

of approximately 1-m. A total of 2 structures, or 12 buckets, were placed in each location (i.e., 

hot pond or main lake).  
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Figure 2-2 Illustration of the PVC mesocosm structures used in the transplant 

experiments. Each structure was anchored to the substrate and contained 6 mesocosms. 

Illustration by Amanda Boyles. 

 

2.3.2 Statistical Analyses: Transplant Experiments 

Rates of growth were compared when G. affinis were reared in their ‘home’ versus 

‘away’ environments using general linear models. Population (hot pond, main lake), location 

(hot pond, main lake), and the population x location interaction were entered as fixed effects. 

The average change in length or wet weight per mesocosm was used as the unit of replication for 

these analyses. Each transplant experiment was analyzed separately. The dependent variables in 

these analyses included rates of growth per experiment. Average initial size of fish, sex ratio, and 

the average number of fish per mesocosm were also included as covariates. 

 

 

Water Line 

Water Line 

Lakebed 
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2.5 Common Garden Experiment 

A common garden experiment in May-June 2015 was conducted in order to determine if 

potential phenotypic differences were maintained under more controlled conditions. Methods for 

fish collection and rearing mimic those described for the reciprocal transplant experiments. Fish 

were stocked at the same density as the second transplant experiment into the same experimental 

enclosures (5-gallon buckets) that were used in the reciprocal transplant experiments. The main 

difference is that the containers were not modified to allow for external water exchange; they 

remained fully enclosed and were not fitted with lids. These containers were filled with a volume 

of lake water that matched the volume of lake water that was, on average, observed in the field 

enclosures. The lake water used in this experiment was filtered through a 150 µm sieve in order 

to remove any vegetative matter and large organisms. This experiment was conducted at 30°C, an 

intermediate temperature between the hot pond and main lake at the time of fish collection. 

Temperature was maintained in the enclosures via the placement of small aquaria heaters and 

each container was continuously aerated. Water quality was maintained by performing 20% 

water changes every 4 days over the course of the 14 day experiment. At the beginning and 

conclusion of the 14-day experimental period, all fish were measured for total length and wet 

weight and rates of growth were quantified using the formula described above.  

 

2.3.2 Statistical Analyses: Common Garden Experiment 

These data were analyzed via a one-way analysis of variance with population of origin 

(hot pond vs. main lake) entered as a fixed effect. Factors that may have varied across containers, 

such as average initial size of fish per mesocosm and average number of fish per mesocosm, 

were included as covariates. 
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CHAPTER 3 

RESULTS 

 

The results of a series of phenotypic assays and manipulative experiments demonstrated 

that specimens of G. affinis from the hot pond and main lake differed strongly in several key life 

history traits (Figure 3-1; Figure 3-2; Table 3-2). These included significant differences among 

wild-caught preserved specimens as well as divergent responses to translocation between the hot 

pond and main lake. Below, I first detail the results for the environmental assessment between 

the hot pond and main lake environments and then fully describe the life history differences 

recorded for specimens of G. affinis from these two environments for all experiments. 

 

3.1 Monthly Environmental Sampling 

Monthly evaluation of several environmental parameters showed that temperature 

differed significantly (p<0.05) between the hot pond and main lake (Table 3-1). Water 

temperature in the hot pond was 31.5% higher than in the main lake over the course of the full 

2014-2015 year (F = 15.162, P = 0.001, numerator d.f. = 1, denominator d.f. = 15). Differences 

in dissolved oxygen, salinity, conductivity, and pH were not significant (p > 0.05). 
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Table 3-1 Environmental parameters recorded during the time of monthly phenotypic assay collections for the hot pond and 

main lake locations. Missing sections represent parameters that were unable to be measured at the given sampling date. 

 

 

Location 

 

Date 

Water Temp. 

(oC) 

 

DO (%) 

Salinity (mg/L) Conductivity 

(µs/cm) 

 

pH 

Hot Pond 1 – March 14 35.2 - - 1840 8.34 

 2 – April 14 34.6 - - 1604 8.51 

 3 – May 14 33.2 63.9 4.89 1405 8.83 

 4 – June 14 35.4 59.7 4.01 1400 8.99 

 5 – July 14 36.6 54.7 3.35 1410 8.66 

 6 – Sept 14 37.1 73.1 4.71 1682 8.87 

 7 – Oct 14 34.7 70.5 4.91 1606 8.61 

 8 – Nov 14 27.3 87.3 6.91 1379 8.58 

 9 – April 15 29.8 77.0 5.85 1327 8.46 

 Grand Mean 33.8 69.5 4.95 1517 8.65 

Main Lake       

 1 – March 14 16.4 - - 977 8.53 

 2 – April 14 23.7 - - 1400 7.92 

 3 – May 14 27.2 88.1 6.8 1244 8.95 

 4 – June 14 32.1 82.1 6.35 1327 9.14 

 5 – July 14 29.9 76.9 5.69 1382 9.05 

 6 – Sept 14 29.4 50.4 3.81 1456 8.9 

 7 – Oct 14 26.1 143 11.47 1344 9.02 

 8 – Nov 14 - - - - - 

 9 – April 15 20.7 73.1 6.02 1112 8.34 

 Grand Mean 25.7 85.6 6.69 1280 8.73 
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3.2 Phenotypic Correlates 

There were significant differences in phenotypic traits between the G. affinis populations 

in the hot pond and main lake (Figure 3-1; Figure 3-2; Table 3-2). Female G. affinis in the hot 

pond contained significantly (p<0.05) smaller clutches of offspring, lower reproductive 

allotments, and higher fat contents (Figure 3-1; Table 3-2). These differences were strong with 

fish from the main lake exhibiting a 52.5% larger clutch size and a 24.4% larger reproductive 

allotment than hot pond females, while fish from the hot pond had a 26.3% higher lipid content 

than females in the main lake. I also observed significant (p < 0.05) differences in male size at 

maturation with male G. affinis from the hot pond 29.8% heavier at maturation than males in the 

main lake (Figure 3-2; Table 3-2). 

I also observed a significant population x date interaction for clutch size, reproductive 

allotment, and lipid weight (Figure 3-1 and Table 3-2). In general, females from the main lake 

exhibited larger clutch sizes and reproductive allotment than fish from the hot pond during the 

spring months (March to June), but these differences disappeared thereafter. The opposite pattern 

was observed for lipid reserves although such differences were smaller and more variable 

(Figure 3-1 and Table 3-2).  
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Figure 3-1 Phenotypic differences in gravid female life history traits between the hot pond and 

main lake Gambusia affinis populations. No. of embryos = clutch size. Overall effects shown on 

the left and monthly adjusted means shown on the right. Error Bars = ± 1 SE.  
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Figure 3-2 Male size at maturation (in grams) between the hot pond and main lake Gambusia 

affinis populations. Error Bars = ± 1 SE. 

 

 

Table 3-2 Comparisons of hot pond (HP) and main lake (ML) specimens of Gambusia affinis for 

the dependent variables summarized in Fig. 3-1 and 3-2. Values for each effect are F-ratios. 

“RA” = reproductive allotment. Bold entries represent significant terms; NS, not significant 

(p>0.1); +, 0.05 < P < 0.1; *, P < 0.05; **, P < 0.01; ***, P < 0.001. 

 Gravid Females Males 

 Clutch Size Dry - % RA 

Fat Weight 

(mg) 

Male size 

at 

maturation 

(mm) 

Male size 

at 

maturation 

(g) 

Main Effect:      

      Date 14.542*** 2.837+ 19.680***   

      Population 67.764*** 8.659* 59.587*** 15.146*** 12.771*** 

      Population X Date 20.163*** 5.020*** 4.360***   

Covariate:      

      Total Length (mm)  - - 249.126*** - - 

      Total Dry Weight  428.466*** - - - - 
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3.3 Transplant Experiments 

3.3.1 Temperature Data 

Temperatures between the hot pond and main lake were analyzed by comparing the daily 

average intake and discharge temperatures from the plant during the course of the transplant 

experiments. Water temperature was significantly higher in the hot pond during the course of 

both transplant experiments (Figure 3-3 A-D). During the October 2014 transplant experiment, 

the average temperature in the hot pond was 19.3% higher than the main lake (F = 15.281, P = 

0.001, numerator d.f. = 1, denominator d.f. = 28), and during the May-June 2015 transplant 

experiment the average daily temperature in the hot pond was 23.3% higher than in the main lake 

(F = 65.33, P < 0.000, numerator d.f. = 1, denominator d.f. = 30). Complimentary temperature 

data taken with HOBO Pendant Temperature/Light Data Loggers during the May-June transplant 

experiment yielded similar differences between locations; the average daily temperature in the 

hot pond was 17% higher than in the main lake (F = 38.202, P < 0.000, numerator d.f. = 1, 

denominator d.f. = 28) (Figure 3-3). 
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Figure 3-3 Ambient temperature in the hot pond and main lake during the course of the October 

2014 (A and B) and May-June 2015 (C, D, E, and F) transplant experiment. (A) temperature 

taken every 2 hours during the October experiment, (B) average daily temperature during the 

October experiment, (C) temperature taken every 2 hours during the May-June experiment, (D) 

average daily temperature during the May-June experiment, (E) temperature taken every hour 

during the May-June experiment, (F) average daily temperature during the May-June 

experiment. A, B, C, and D were generated using intake and discharge temperatures taken from 

the plant. E and F were generated using HOBO data loggers placed in each location. 
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3.3.2 Growth Rate 

Variation in rates of growth in fish from the hot pond and main lake were correlated with 

location. This is because I observed significant (p<0.05) ‘population x location’ interactions for 

rates of growth in both experiments. In general, small differences were observed when fish were 

grown in the hot pond, but mosquitofish from the main lake exhibited faster rates of growth 

when all fish were placed in the main lake. I also observed an overall significant difference 

between the hot pond and main lake populations in the 2015 transplant experiment with fish 

from the main lake growing 12% faster in length and 12.2% faster in weight than fish from the 

hot pond (Table 3-3; Figure 3-4).  
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Table 3-3 Comparisons of hot pond (HP) and main lake (ML) specimens of Gambusia affinis for the dependent variables 

summarized in Fig. 3-4. Values for each effect are F-ratios. Bold entries represent significant terms; NS, not significant (p>0.1); 

+, 0.05 < P < 0.1; *, P < 0.05; **, P < 0.01; ***, P < 0.001. 

 

 

 Field Experiment 1 Field Experiment 2 

Common Garden 

Experiment 

 

Growth in 

Length          

(14 Days) 

Growth in 

Weight         

(14 Days) 

Growth in 

Length          

(14 Days) 

Growth in 

Weight         

(14 Days) 

Growth in 

Length          

(14 Days) 

Growth in 

Weight         

(14 Days) 

Main Effect:       

      Population 0.000ns 0.177ns 14.524*** 4.960* 13.725** 0.599ns 

      Location 4.110+ 2.227ns 318.211*** 146.577*** - - 

      Population X Location 8.420** 4.396* 4.066+ 6.487* - - 

Covariate:       

      Average Init. Length  3.948+ - - 15.573*** - - 

      Average No. Fish  19.222*** 6.827* - - - - 
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3.4 Common Garden Experiment 

I observed significant differences in growth rates between mosquitofish from the hot 

pond and main lake when all individuals were grown under a common temperature (30oC) in 

mesocosms (Table 3-3; Figure 3-4). G. affinis from the main lake grew 26.6% faster in length 

than G. affinis from the hot pond. Differences in growth as a function of changes in mass were 

not significant (p >0.05). 

 

 

Figure 3-4 Growth rates in length and weight for juvenile Gambusia affinis over the course of 14 

days. Field experiment 1 represents the October experiment and field experiment 2 represents the 

May-June experiment. Solid lines with circles represent the native hot pond population and 

dashed lines with triangles represent the native main lake population. Error Bars = ± 1 SE.  
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CHAPTER 4 

DISCUSSION 

 

My results clearly demonstrated significant life history differences in populations of 

Gambusia affinis from divergent thermal environments. Specimens of G. affinis from 

environments consistently exposed to heated effluent were larger at maturity, exhibited smaller 

clutch sizes, lower reproductive allotment, and higher lipid mass than fish from the main lake. 

The results of two reciprocal transplant experiments as well as a common garden experiment 

provided evidence for locally adapted differences as mosquitofish from the main lake exhibited 

faster rates of growth than fish from the hot pond and such differences were generally larger 

when all populations were reared in the main lake (Table 3-3; Figure 3-4). My assessment of 

environmental parameters between the hot pond and main lake showed that water temperature 

was consistently higher in the hot pond and that potentially covarying factors, such as dissolved 

oxygen, conductivity, salinity, and pH, did not differ between the divergent environments. The 

observed life history differences between the hot pond and main lake are therefore best explained 

as being driven by elevated water temperature due to the release of heated effluent. Given that 

the Big Brown Power Station commenced operation in 1971 and has been continuously 

operating since that time, these results argue that human driven alteration to thermal regimes can 

drive significant evolutionary changes within 44 years.    

 

4.1 Temperature as a Driver of Life History Evolution 

These results revealed that continued exposure to heated effluent is associated with 

decreased investment in reproduction, increased allocation to lipids, slower growth, and delayed 
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maturation. The main hypothesis is that elevated water temperature has driven these differences. 

One possible explanation for this specific pattern of divergence is that heated effluent elevates 

the temperature of the hot pond throughout the year, thus extending the growth and reproductive 

season for the G. affinis population residing there (Blanck and Lamouroux 2007). For instance, 

research has shown that growth rates often vary as a function of latitude (Conover and Present 

1990; Lobón‐Cerviá et al. 1996; Schultz et al. 1996). In general, fish at high latitudes grow faster 

than fish at lower latitudes and such genetic differences are best explained by the decline in the 

length of the growing season with increasing latitude. The temperature in the hot pond is 

elevated throughout the year, thus extending the growing season for the G. affinis population 

residing there. As a result, it is plausible that G. affinis in the hot pond are not required to grow 

as quickly as fish in the main lake in response to a short growth season. This of course assumes 

that tradeoffs underlie adaptive variation in rates of somatic growth (Billerbeck et al. 2001). 

Female G. affinis in the hot pond were found to exhibit smaller clutch sizes than those in 

the main lake. Similar to the argument presented above, such differences may again be explained 

by the relative differences in water temperature between the hot pond and main lake throughout 

the year. Research has shown that fish in thermal environments, such as those produced by 

heated effluent, take advantage of warmer temperatures by reproducing year-round (Meffe and 

Snelson 1989; Pyke 2005). I observed gravid female G. affinis in the hot pond during the winter 

months. Such results argue that G. affinis in the hot pond are able to take advantage of a longer 

reproductive season than the main lake females. This may suggest that G. affinis females in the 

hot pond do not need to invest as much energy per clutch as fish from the main lake, which have 

a shorter reproductive season. This hypothesis is supported by Berven (1982), who found that 

frog populations found in areas subjected to shorter reproductive seasons exhibited larger clutch 
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sizes than populations subjected to longer reproductive seasons. Griebler et al. (2010) also found 

a strong correlation with latitude and clutch size in birds, proposing that clutch size decreases as 

breeding season lengthens.  

Prior research also supports the hypothesis that the observed differences in lipid content 

and size at maturation in Gambusia from the hot pond and main lake are likely driven by 

continual exposure to divergent temperature regimes. Stockwell and Weeks (1999) found a 

genetic basis for differences in fat content among G. affinis populations with mosquitofish in 

warmer environments exhibiting larger fat stores than those in colder environments. Fischer et al. 

(1998) also documented a significant correlation between lipids and temperature for bluegill 

sunfish (Lepomis macrochirus). Bluegills in a pond exposed to a heated effluent stored 

significantly more lipids than bluegills in an adjacent pond isolated from the effluent. Fischer et 

al. (1998) suggested that the severe and unpredictable nature of the pond receiving heated 

effluent had resulted in selection for increased lipid storage. Furthermore, similar to the results 

obtained in the present study, males from environments exposed to the heated effluent were 

larger at maturation (Vondracek et al. 1988; Stockwell and Weeks 1999; Stockwell and Vinyard 

2000). This growing body of evidence strongly suggests that heated effluents released by power 

plants can impose selection on a suite of organismal traits.  

Overall, specimens of G. affinis in the main lake experience lower temperatures and 

shorter growth and reproductive seasons than mosquitofish in the hot pond (Meffe and Snelson 

1989; Pyke 2005; Watson 2008). These environmental conditions have apparently selected for 

faster growth rates, smaller sizes at maturation, and larger clutch and reproductive allotment. 

Specimens of G. affinis in the hot pond do not grow as quickly and do not exhibit large clutch 

sizes and high energy allocation to reproduction, instead storing more energy as fat. While 
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temperatures can be stressful to fish in the hot pond (Watson 2008), individuals of G. affinis in 

the hot pond take advantage of the long growth and reproductive season induced by the heated 

effluent and store energy otherwise allocated to growth and reproduction. It is possible that slow 

development and low reproductive output in the hot pond could act to increase the competitive 

ability of the G. affinis population residing there (Pianka 1970). 

 

4.2 Additional Life History Influences 

It is possible that additional ecological factors that covary with heated effluent could 

influence mosquitofish life history evolution in Lake Fairfield. For example, population density, 

habitat, sex ratio, resource availability, mortality rates, prey type, predation levels, and 

competition can lead to shifts in phenotypic life history (Belk and Hales 1993; Britton and Moser 

1982; Dionne 1985; Hendry et al. 2006; Langerhans et al. 2004; Ruehl and DeWitt 2005; Smith 

and Sargent 2006; Zulian et al. 1995). For instance, increased predation is typically associated 

with faster growth, a smaller size at maturation and increased investment in reproduction (Arendt 

1997; Belk and Hales 1993; Reznick et al. 1990; Walsh & Reznick 2008). I do not have 

quantitative assessments of variation in predation intensity or competition between the hot pond 

and main lake G. affinis populations. Thus, it is unclear if the phenotypic divergence between the 

hot pond and main lake G. affinis populations is also influenced by increased predation in the 

main lake. However, the very consistent evidence for local adaptation provided by the reciprocal 

transplant experiments argues that the observed phenotypic and life history differences between 

the two populations were due to genetic adaptation to the two different thermal regimes. 

Additional study on predation, competition, and resource availability in Lake Fairfield between 
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the hot pond and main lake G. affinis populations would be needed to rule out any potential 

effects of these variables on their phenotypic and life history traits. 

 

4.3 Implications for Climate Change and Conservation 

 The observation that humans are vastly changing the environment is not new. Human 

population is rapidly increasing and with that comes the growth of cities, the expansion of 

agriculture, and the increase in greenhouse gases (Sylvester 1972; Zalasiewicz et al. 2010). By 

2100, the global mean temperature is expected to increase at least 1.5oC higher than pre-

industrial levels (Collins et al. 2013). According to this projection, the increase in global mean 

temperature in the next 100 years will be over twice the global increase observed during the past 

100 years (Collins et al. 2013). Freshwater ecosystems are among the environments most 

impacted by anthropogenic change, and in many cases suffer changes in water chemistry, trophic 

structure, and temperature (Altshuler et al. 2011). Organisms are already being forced to adapt, 

and in many cases, face environmental extremes due to anthropogenic factors; if these 

projections are accurate, in the next 100 years countless organisms will be pressured like never 

before to adapt, disperse, or potentially face extinction (Collins et al. 2013; Parmesan 2006; Root 

et al. 2003). Evolutionary responses in certain organisms that inhabit various environmental 

regimes, have short generation times, widespread ranges, well-documented life histories, and are 

relatively easy to maintain in laboratory settings, are widely used as models to predict the effects 

of environmental stressors on additional species (Altshuler et al. 2011; Hubbs 2000; Orsini et al. 

2011). Gambusia affinis has long served as a model organism for studies of local adaptation in 

response to environmental stressors in aquatic environments (Langerhans et al. 2004; Stearns 

1983). The results of this study showed that specimens of G. affinis possess the genetic 
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capability to adapt to significant increases in temperature within 44 years. These results suggest 

that aquatic organisms, particularly those like G. affinis with short life spans, early maturity and 

high fecundity, have the genetic variation and r-selected life history traits (Pianka 1970) that will 

allow rapid adaptation to rising environmental temperatures. 

These results also represent an important step in the integration of evolutionary biology 

and conservation science. Conservation biologists typically do not consider evolutionary forces 

when suggesting conservation methods, but directional selection occurring in response to 

anthropogenic factors over short timescales adds another component that needs to be considered 

when adopting management plans. For example, efforts to restore gene flow to locally adapted 

populations can possibly result in significantly diminished adaptation and even increase risk of 

extinction (Stockwell et al. 2003). This can occur when threatened species are reintroduced after 

captive-breeding or when ‘refuge’ populations are established in order to restore natural 

environments. Populations introduced after captive propagation have likely adapted to domestic 

conditions, which can consequently diminish their adaptation to natural environments. The 

establishment of refuge populations to restore natural ecosystems can have negative implications 

as well, since these new populations can suffer vulnerability to genetic drift and founding effects. 

This has been recorded for G. affinis populations that lost considerable genetic diversity after 

establishment in new environments (Kinnison et al. 2007). 

The evolution of slow growth rates, small clutch sizes, low reproductive allotment, and 

high fat storage observed by samples of G. affinis exposed to heated effluent in the present study 

sheds light on what can possibly be exhibited by other fishes forced to adapt to a changing 

climate, and can be taken into account when proposing strategies in conservation and 

management. The present study allows insight that, when dispersal is not an option, certain 



 

35 
 

organisms are prepared to respond evolutionarily to stressful situations, in relatively short 

periods of time. Such results suggest that r-selected (Pianka, 1970) aquatic species, especially 

those with life history traits similar to those of G. affinis, have the potential to adapt and persist 

in response to future anthropogenic changes. 
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