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Response to Selection for Increased Heat Tolerance in a Small Fish Species, With the Response Decreased by a Population Bottleneck
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Many natural populations are likely to be impacted by increasing temperatures resulting from climate change. The selection pressures exerted by these impacts may allow some populations to adapt to the elevated temperatures—which could reduce climate change's impact. At present, there is limited evidence for such “evolutionary rescue.” Moreover, the potential for adaptation may be reduced if populations have experienced population bottlenecks as an initial consequence of climate change or due to other human impacts. This study looked at the response to selection in laboratory populations subjected to selection for heat tolerance, in both normal and bottlenecked laboratory populations of the least killifish Heterandria formosa. The bottlenecked populations had undergone a single bottleneck and were found to have fewer microsatellite alleles and reduced genetic diversity. After four generations of selection, heat tolerance had increased—albeit by only 0.1°C. The increased heat tolerance was more pronounced for normal populations than it was for those that had undergone a population bottleneck. These results show that some populations, under specific conditions, may be able to adapt to elevated water temperatures. However, this response may be too slow for species with a long generation time and further limited in populations that have undergone drastic reductions in population size. In addition, the observed potential for adaptation to physiological heat stress does not equate to evolutionary rescue from other stresses associated with climate change.
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INTRODUCTION

Climate change is resulting in higher temperatures; combined land and ocean temperatures increased by about 0.85°C over the period 1880–2012 (IPCC, 2014). As air temperature is the main determinant for changes in surface water temperature (Schmid et al., 2014), increased water temperatures in freshwater environments are expected and have indeed been reported for both lakes and rivers (Coats et al., 2006; Isaak et al., 2012; Dokulil, 2013; Kraemer et al., 2015; O'Reilly et al., 2015). Water temperature has many direct and indirect effects on aquatic organisms, including those resulting from physiological heat stress, changes in ice cover, water column stability, dissolved oxygen concentrations, nutrient dynamics, occurrence of harmful algal blooms, and timing of phytoplankton spring peaks (Dokulil, 2013). Consequently, elevated water temperatures are likely to have significant impacts on freshwater biota (Dokulil, 2013; IPCC, 2014). The present study is focusing on impacts on freshwater fish, because of their ecological and economical importance and because they are good sentinels for assessing broader impacts of climate change (Jeppesen et al., 2012; Izzo et al., 2016). A variety of effects have been noted for fishes in inland waters (as reviewed in Jeppesen et al., 2012; Comte et al., 2013; Dokulil, 2013; Lynch et al., 2016), including changes in species distributions and in species composition. While fish species extinctions to date seem mostly due to climate change having affected habitat and food availability (Cahill et al., 2013), increased temperature also appears to have resulted in extinctions (Beever et al., 2010; Sinervo et al., 2010; Cahill et al., 2013).

As many as 35% of all species may face extinction due to climate change (Thomas et al., 2004). However, case studies have shown that some natural populations can rapidly adapt to environmental changes (Klerks and Levinton, 1989; Oziolor et al., 2014; Reid et al., 2016; Campbell-Staton et al., 2017). Similarly, natural selection imposed by climate change could result in adaptations that could keep a population or species from going extinct, referred to as “evolutionary rescue” (Bell and Collins, 2008). Adaptation is now included with migration and extinction among the potential responses to climate change (Aitken et al., 2008), and the potential for an evolutionary response to climate change has been discussed (Carlson et al., 2014). Some adaptations to recent climate change have already been noted, including a change in timing of migration in salmonid fishes (Kovach et al., 2012) and in the timing of breeding in a red squirrel population (Réale et al., 2003).

While selective pressures resulting from elevated temperature or other climate changes can lead to an adaptation, it is not clear how likely such a response will be (Hoffmann and Blows, 1993; Carlson et al., 2014) or whether they will result in an evolutionary rescue (Grant, 2017). Consequently, experimental approaches are needed for quantifying the potential for such adaptations (Reusch and Wood, 2007; Bell and Collins, 2008). One approach involves determining the presence of heritable variation for traits favored in the altered environment (Weigensberg and Roff, 1996; Klerks et al., 2011; Tedeschi et al., 2016) and assessing the presence of negative genetic correlations that limit evolutionary responses (Sheldon et al., 2003; Garant et al., 2008). Another approach, and the one taken in the present study, is to assess the response to selection in laboratory populations (Roff, 1997). This approach has been widely used for assessing the response to selection for an increased tolerance to environmental stressors (Diamond et al., 1995; Xie and Klerks, 2003), including temperature (Bennett et al., 1990; Baer and Travis, 2000; Magiafoglou and Hoffmann, 2003; Kelly et al., 2016).

Severe reductions in population size (bottlenecks) and associated genetic drift may reduce the ability of populations to respond to selective pressures from environmental stressors (Bürger and Lynch, 1995; Skelly et al., 2007; Perrier et al., 2017). Doyle et al. (2011) found reduced heritability for heat tolerance for populations following a bottleneck. There is, however, little experimental evidence that such reductions in variation will affect adaptive responses to elevated temperature. Contrastingly, there is evidence of adaptation to local conditions in the face of population bottlenecks and high rates of genetic drift (Kavanagh et al., 2010; Perrier et al., 2017).

The present study consisted of a laboratory selection experiment with the least killifish Heterandria formosa, to determine its response to selection for an increased heat tolerance. We selected for an increased survival during exposure to lethal temperatures. Selection pressures for an increased heat tolerance may be most pronounced for species that can handle only a narrow range of temperatures and for species living close to their thermal maximum—as is evident from climate change effects on reef-building corals (McClanahan, 2004). As the threat of population extinction is strongest for populations that are already severely affected by heat or other anthropogenic stressors, we wanted to also assess the influence of population declines and associated loss of genetic variation on the response to selection. Selection for heat tolerance was therefore done for both populations that had and had not undergone a bottleneck (hereafter referred to as “bottlenecked” and “normal,” respectively), to determine if the response to selection was reduced by the temporary decline in population size.

MATERIALS AND METHODS

Selection for heat tolerance was performed with laboratory populations of the least killifish Heterandria formosa—a small livebearer in the family Poecilliidae. This fish has a generation time that can be as short as 2–3 months (Leips and Travis, 1999; Xie and Klerks, 2004), making it well-suited for selection experiments. These fish are sexually dimorphic, females can store sperm, and females exhibit superfetation—where a single female carries multiple broods at different stages of development (Leips and Travis, 1999). Selection experiments were conducted with both normal and bottlenecked laboratory populations from each of three source populations (Figure 1). The three collection locations were a site near Lacassine National Wildlife Refuge (30.014°N, 92.785°W), a site on Lake Martin—located near Lafayette (30.331°N, 91.905°W), and a site on the Atchafalaya Basin near Henderson (30.323°N, 91.788°W). Distances between the sites are: 105 km (Lacassine—Atchafalaya), 88 km (Lake Martin—Lacassine), and 16 km (Lake Martin—Atchafalaya). The normal laboratory populations were established using about 120 fish (60 males, 60 females) from each source population. Bottlenecked laboratory populations were initially established with one male and one virgin female (using first generation laboratory-born offspring from the normal populations). An extended power failure following a hurricane resulted in loss of males in initial bottleneck breeding pairs, requiring the introduction of a second male to each of the three founding females. Bottlenecked populations were allowed to grow to a population size of at least 120 individuals without any additional bottlenecks. For the starting generation (gen. 0) of the selection experiment, fish from a bottlenecked or normal laboratory population were randomly assigned to either a selection or control line (60 fish per line, numbers equally divided between the two sexes). At this point, the fish had been in the laboratory for about 13 months (three to four generations). The experimental design with three source populations, normal and bottlenecked lines, and control and selection lines for each, resulted in a total of 12 populations (Figure 1).
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FIGURE 1. Diagram of experimental design of selection experiments, with three source populations (each with a normal subpopulation maintained at about 120 individuals and a subpopulation passed through a single bottleneck with 2–3 individuals), and both a selection line and a control line for each of these subpopulations.



Fish were maintained in trays with recirculating local well water, in a greenhouse at the University of Louisiana's Ecology Center. Fish for each line were housed in a single shallow tray (235 cm L × 67 cm W × 15 cm D) with 10 cm of water. Two trays were stacked vertically on a rack with about 55 cm space in between the trays, and shared the same recirculating water and filter tank (244 cm L × 61 cm W × 61 cm D). A set of two trays was used for each pair of lines (control and selection), while location (top vs. bottom) was randomized for selection and control lines. Water temperatures in the greenhouse trays averaged approximately 30°C (range: 18–38°C).

Selection Process and Quantification of Heat Tolerance

For each generation, the selection step and quantification of heat tolerance were combined. Offspring were raised in the greenhouse trays till almost mature, to ensure that no mating had occurred prior to the selection step, and then exposed to a gradually increasing water temperature in environmental chambers (I-36LL, Percival Scientific, Boone IA, USA). To quantify heat tolerance and select the most heat-tolerant individuals, equal numbers of juvenile fish (8–11 mm standard length) were taken from both members of a pair of lines (selection/control) and placed inside the chamber in a single 30-L tank with a mesh screen in the center separating the two groups. The aquaria were filled with water from the specific greenhouse tray system in which they had been raised. Gentle aeration was provided in the aquaria. The fish were allowed to acclimate for 7 days to the chamber conditions at a temperature of 28°C. Fish were fed daily with fish flakes (TetraMin, Tetra, Blacksburg, VA, USA) or newly hatched brine shrimp. The chambers were programmed for a temperature increase of 2°C/day following this 7-day acclimation. Fish survival and water temperature were checked daily; water temperatures were measured using a 4400 Series NIST Traceable Digital Thermometer (Alpha Technics, Oceanside CA, USA) with 0.01°C precision and 0.02°C accuracy. Once the water temperature reached about 38°C, fish survival and water temperatures were checked at 2–3 h intervals (more-frequent checking was not feasible as opening of a chamber's door resulted in heat loss and drop in water temperature). Criterion for fish mortality was lack of movement of gill operculum; dead fish were removed when encountered. Once mortality exceeded 50%, water temperatures were gradually cooled to about 28°C and the fish were returned to the greenhouse trays after about 4 days. Final mortality from an exposure was assessed 7 days after the end of the exposure. Delayed mortality from the heat exposures resulted in average heat-related mortality (including the initial >50%) of 73%. Multiple exposures (4–15 exposures, totaling up to 431 fish) were conducted for each line for each generation—in order to yield approximately 60 survivors per line (Online Resource 1 in Supplementary Material). For the selection lines, exposure survivors were used as parents for the next generation. For the control lines, fish were exposed in each generation to quantify their heat tolerance but parents for the next generation were chosen randomly among non-exposed juveniles—using the same total number and same sex ratio as were used for its paired selection line. On average, we had 26 males and 37 females as parents for the next generation. To distinguish fish from different generations, newborn offspring were separated from adults once weekly. Selection was continued for a total of 4 generations over a 4-year period.

Microsatellite Analyses

To assess the effects of the bottlenecking on genetic variation, 26 fish from generation 0 (i.e., prior to the start of the selection process) were taken from each of the 6 lines and subjected to genetic analysis. Analyses followed methods described earlier (Athrey et al., 2007), and used seven different nuclear microsatellite markers. Briefly, DNA was isolated from individual fish using the Gentra Puregene DNA isolation kit (Qiagen, Inc., CA, USA). Each microsatellite locus was amplified by polymerase chain reaction (PCR) in a 15 μl reaction volume running 35 amplification cycles, each with denaturation (94°C), annealing (53–60°C), and extension (72°C) steps, and using a fluorescently labeled primer. Labeled PCR products were then analyzed on an ABI 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA), followed by peak calling and genotyping using the Genescan Genetic Analysis software (V3.1, Applied Biosystems). All population genetic estimates were calculated with the software program GDA (Lewis and Zaykin, 2001).

Statistical Analyses

Heterozygosity based on Hardy-Weinberg expectations (HHW), and Allelic richness (AR) were compared between normal and bottlenecked lines of a specific source population using a mixed model, with treatment (normal/bottlenecked) as a fixed effect and source and locus as random effects.

The response to selection for heat tolerance was analyzed using regression analysis. To reduce “noise” in heat tolerance due to environmental factors, and made possible by the fact that each selection line and its paired control line were exposed simultaneously, the response to selection was quantified as the difference in median temperature-at-death (TAD) between the two paired lines. For each individual exposure, the difference in median TAD (control vs. selection line fish) was calculated. Whether or not there was a response to selection was assessed on the basis of the difference in TAD between a pair of lines increasing with increasing generation number. In addition, regression analysis was used to assess the relationship between the cumulative selection response (R) and the cumulative selection differential (S). The selection differential is the difference between the population mean and the mean of the selected individuals. To calculate S, the proportion selected (p) was converted to a selection intensity (i). Selection intensity is a measure of the strength of selection, and is high if only the top-performing individuals are selected as parents for the next generation. Values of p were converted to i values using the “truncated normal distribution—large sample” table in Falconer and Mackay (1996) —assuming that TAD followed a normal distribution. Selection intensity was then converted to S using the formula S = i × δ (Falconer and Mackay, 1996), where δ is the phenotypic standard deviation in heat tolerance among the fish (we used δ averaged over all exposures and all lines). There was no evidence of this standard deviation differing between normal and bottlenecked selection lines (F(1, 22) = 0.019, p = 0.892 in ANOVA). For regressions on both generation number and cumulative selection differential, intercepts were set at zero as the generation-zero individuals from the control and selection lines came from the same population (these became separate lines only after the first round of selection).

RESULTS

Effects of Population Bottleneck on Genetic Variation

For the seven microsatellite loci employed in this study, the number of alleles ranged from three to seven (Online Resource 2 in Supplementary Material). The bottlenecking resulted in a significant reduction in allelic richness [F(1, 32) = 13.80, p < 0.001]. Least square means estimates were 4.62 (with a SE of 0.490) alleles per locus for the normal lines, vs. 4.0 ± 0.490 for the bottlenecked lines. The losses were limited to four of the seven loci, with one to three alleles being lost per locus. The three source populations did not differ significantly in AR (Wald p = 0.547).

Among the seven loci studied, HHW ranged from 0.618 to 0.869 in the normal populations while values ranged from 0.556 to 0.805 in the bottlenecked ones. Mean values tended to be lower for the bottlenecked lines than the normal lines (Figure 2), with a significant overall treatment effect [F(1, 32) = 21.98, p < 0.001]. There was again no significant source-population effect (Wald p = 0.794). Microsatellite allele frequencies are shown in Online Resource 2 in Supplementary Material.
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FIGURE 2. Heterozygosity (based on Hardy Weinberg expectations), for microsatellite loci, of normal and bottlenecked laboratory populations derived from three different source populations. Values are mean ± S.E. (N = 7 loci).



Response to Selection, as a Function of Generation Number

Prior to selection, the temperature at death (TAD) of our least killifish populations averaged 39.24°C (with an S.E. of 0.03°C). There was a significant increase in heat tolerance for each of the three selection lines established with fish from the normal populations, but for only one of the three selection lines established from the bottlenecked populations (Figure 3). The lack of response was especially obvious for the Lake Martin bottlenecked population (Figure 3C). For all selection lines combined, the cumulative response averaged 0.027°C per generation, for a total of about 0.1°C over the four generations.
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FIGURE 3. Selection response (difference in temperature-at-death (TAD) between fish from a selection line and fish of its paired control line), as a function of generation number. Fish were from three source populations: Atchafalaya (A), Lacassine (B), and Lake Martin (C). Open circles and solid regression lines represent normal populations, while crosses and broken regression lines represent bottlenecked populations.



Response to Selection as a Function of Cumulative Selection Intensity

For the three source populations combined, the selection response increased significantly as a function of the cumulative selection intensity [F(1, 14) = 53.0, p < 0.001, and F(1, 14) = 10.9, p = 0.005 for respectively the normal and bottlenecked lines; Figure 4). For such regressions, the regression coefficient is a direct estimate of the realized heritability, resulting in realized heritability estimates of 0.224 ± 0.031 and 0.106 ± 0.032 for the normal and bottlenecked lines respectively. For all lines combined, the realized heritability estimate was 0.165 ± 0.024. When considering the selection response for each source population separately, regressions were statistically significant (p < 0.05) for all three normal lines and for one of the three bottlenecked lines (Online Resource 3 in Supplementary Material).
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FIGURE 4. Selection response (difference in temperature-at-death (TAD) between fish from a selection line and fish of its paired control line), as a function of the cumulative selection intensity. Data were grouped by source population type: normal populations (open circles, solid regression line) and bottlenecked populations (crosses, broken regression line).



The response can also be standardized in relative terms as is done for the concept of evolvability (R/(i*m) where R is the response to selection, i is the selection intensity and m is the population mean prior to selection (Roff, 1997). Doing this for the responses observed for each generation in the selection experiment yields an average response, per generation of selection, of 0.05% for the normal lines and 0.03% for the bottlenecked lines. Assuming that such a response would stay constant, these evolvability numbers equate to an average of about 25 generations of selection for a total response of 1%.

DISCUSSION

The present study used a laboratory-selection approach, with normal and bottlenecked populations of a fish species with a short generation time, to gain insights into the potential for evolutionary rescue from heat stress. To our knowledge, this is the first such study for a vertebrate species. The study's findings demonstrate that such an experimental approach can be used to provide insights into an evolutionary response to climate change.

The single but severe bottleneck used in the present study resulted in a loss of genetic variation for a set of microsatellite markers. Compared to control populations, bottlenecked populations had, on average, a 7% lower heterozygosity and 13% fewer alleles. Bottlenecked populations had 3–6 alleles at the seven loci analyzed although the maximum in populations founded with two fish is 4 alleles. This shows that replacing males shortly after the start of the bottlenecked populations caused the actual number of founders to be three rather than two. Associations between population bottlenecks and lowered genetic diversity have been observed in various taxa (O'Leary et al., 2014; Segelbacher et al., 2014; Xue et al., 2015). A meta-analysis also detected reduced allelic richness and heterozygosity in fish populations that experienced bottlenecks through overfishing (Pinsky and Palumbi, 2014). The population bottlenecks also affected trait means for heat tolerance in our populations. An earlier study on two of the three laboratory populations used in the present study (and assayed prior to the start of the selection process) did detect evidence of inbreeding depression. These bottlenecked laboratory populations had heat tolerances (quantified as in the present study) that were on average lower by 0.11°C (Doyle et al., 2011).

Our selection for an increased temperature-at-death (TAD) resulted in a significant response; TAD increased by an average of about 0.1°C over the four generations of selection. This response to selection is consistent with the average heritability of 0.20 detected in the same populations before the start of the selection process (Doyle et al., 2011) and confirms that these populations have the potential for adapting to elevated water temperatures. This contrasts with an earlier study with H. formosa from Florida and South Carolina source populations, where artificial selection for heat tolerance did not result in a clear response (Baer and Travis, 2000). Compared to the present study, the Baer and Travis study's methodology differed in several important aspects. The latter used a different selection criterion (cessation of gill movement rather than survival), selected on multiple age classes (juveniles and adults), was limited to three generations, and suffered from loss of some laboratory lines (Baer and Travis, 2000). These differences may explain the discrepancy in study outcomes, though it is also possible that results differed due to genetic differences among source populations. An indication of among-population variability in the potential for adaptation to heat stress was seen in the closely-related poeciliid Gambusia holbrooki. Meffe et al. (1995) reported both a heritability estimate of 0.32 for TAD and an elevated heat tolerance in fish from a South Carolina pond that had for 30 years (albeit intermittently) received heated effluents from a nuclear reactor. In contrast, a study comparing heat tolerance among G. holbrooki from Florida sites that differed in thermal regimes, did not detect evidence of adaptation to elevated water temperatures (Klerks and Blaha, 2009). While other studies did not find evidence that a response to selection for heat tolerance differs among populations (e.g., Magiafoglou and Hoffmann, 2003), among-population variability is likely to vary widely.

The present study's bottlenecked lines did, as a whole, respond to selection for an increased heat tolerance, but the response was slower (by about 50%) than it was for the normal lines. As indicated by reduced genetic variation at microsatellite loci, this reduction in response could be attributed to the bottlenecked lines having reduced genetic variation for traits underlying heat tolerance. A bottleneck of three fish can result in a large decrease in genetic variability. However, the present study's bottleneck populations were allowed to rapidly increase in size following the initial bottleneck, limiting the loss of variability (Nei et al., 1975). The theoretically-expected initial decrease in genetic variation by 1/6th (1 divided by 2Ne) would have been followed by just small decreases in subsequent generations. The actual effect of bottlenecks appears to be highly variable (Bouzat, 2010), in line with the contrast in selection response between our Lake Martin and Lacassine bottlenecked populations. While a bottleneck will typically result in a decrease in additive genetic variation (VA) for a trait controlled by genes that act additively (Falconer and Mackay, 1996), an increase in VA becomes more likely when dominance and epistatic effects are important (Wang et al., 1998; Naciri-Graven and Goudet, 2003). An increase in VA has been reported in various studies (including Bryant and Meffert, 1995; Van Heerwaarden et al., 2008), though the lack of a faster selection response in the bottlenecked lines argues against an increased VA in the present study. A quantification of the narrow-sense heritabilities (VA divided by the total phenotypic variance) for heat tolerance in two of the three sets of H. formosa populations selected in the present study did find lower heritabilities in the bottlenecked lines than in the normal ones (Doyle et al., 2011), indicating a reduction in VA. The heritability estimates obtained in the latter study averaged 0.230 and 0.168 for the normal and bottlenecked lines respectively—estimates that were close to the realized heritability estimates (0.224 for normal lines, 0.106 for bottlenecked lines) obtained from the selection responses reported here.

The present study treats heat tolerance as a quantitative trait, so provides no direct insights into the specific genes or specific physiological mechanisms underlying the temporal changes in heat tolerance. Differences in heat tolerance may be largely determined by changes in a small number of specific genes such as the heat shock proteins (HSPs) (Sanders et al., 1991; Bettencourt et al., 1999), and heritable variation for HSP expression has been reported for populations of sea turtles (Tedeschi et al., 2016). However, temperature affects a wide variety of physiological and biochemical processes, such that differences in heat tolerance could be related to a variety of genetic changes. Research on coral populations differing in heat tolerance has provided evidence for the involvement of many genes and indicated that increased heat tolerance may be a consequence of an elevated constitutive expression of these genes (Barshis et al., 2013). The polygenic nature of temperature tolerance has also been demonstrated at the species-level in conifers (Yeaman et al., 2016) and at the population-level in anoles (Campbell-Staton et al., 2017).

The results from the least killifish selection experiment demonstrate that, under specific conditions, some populations may be able to adapt to the increase in temperatures associated with climate change. The response was about 0.1°C in 4 generations of intense selection, corresponding to an evolvability of about 0.05% per generation or 1% in 20 generations) indicating that the ability to keep up with increasing temperatures from climate change may be limited to organisms with a short generation time—as global temperatures have increased at a rate of about 0.15°C/decade and future increases may exceed this rate (IPCC, 2014). Results for the selection experiment with the bottlenecked population also demonstrate that the response may be much slower for populations that have gone through a population bottleneck. Our earlier research with H. formosa also showed that bottlenecked populations may be at a disadvantage with respect to dealing with heat stress as a consequence of inbreeding depression (Doyle et al., 2011).

The least killifish populations responded to laboratory selection for an increased temperature-at-death when water temperatures increased at 2°C/day. This rate is much higher than that of temperature increase under ongoing climate change. However, climate change will result in an increased frequency and longer duration of heat waves (IPCC, 2014) and organisms' upper thermal limit may well be approached at a rate of 2°C/day during such events. The selection pressure that was applied here was for one specific trait (tolerance to a lethal temperature) associated with increasing water temperature. However, stressors other than high temperature are associated with climate change, and adaptation to climate change may involve not just genes associated with stress tolerance but also behavioral ones (Bay et al., 2018). In addition, climate change may affect other species that the focal species may depend on. For example, effects via species interactions such as loss of a food source are likely to be important contributors to extinctions (Cahill et al., 2013). We currently do not know what the most critical effects are with respect to population survival at higher temperatures in most of the at-risk species.

Although our results indicate that natural populations may possibly respond to selection imposed by a warming climate, the response was observed for a specific laboratory environment and over a limited number of generations. Theoretical considerations predict that the response to selection depends on the specific environmental conditions and will decrease over time (Falconer and Mackay, 1996). It is not clear how important these theoretical limitations are. In green anoles, short-term changes in cold tolerance within a population were consistent with observed population-differentiation along a spatial gradient (Campbell-Staton et al., 2017). In mosquitofish, laboratory-quantified heritability was consistent with differentiation for heat tolerance observed among wild populations (Meffe et al., 1995). Similarly, while genetic variances and covariances underlying a trait may change over time, a study addressing this directly in the context of climate change did not detect such changes (Garant et al., 2008). The challenges posed by the laboratory to field and the short-term to long-term extrapolations and the lack of insight into the many relevant genetic, demographic and biological processes that affect the evolutionary responses to climate change led to a recent conclusion that it is still unclear to what extent evolutionary changes in response to climate will contribute to species' persistence (Grant, 2017). The geological record indicates that several biotic turnovers appear to have coincided with episodes of rapid climate change (Crowley and North, 1988) indicative of limits to the potential for successful adaptation to climate change.
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