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Abstract
Comparative analyses require researchers to not only ensure data quality, but also to make prudent and justifiable assumptions about data comparability. A failure to do so can lead to unreliable conclusions. As a case in point, we comment on a study that estimated the vulnerability of the world’s fish species to climate change using comparison between life stages (Dahlke et al. 2020, Science 369: 65-70). We highlight concerns with the data quality and argue that the metrics used to investigate ontogenetic differences in thermal tolerance were incomparable and confounded. Therefore, we provide caution when interpreting their results in the light of climate vulnerability. We suggest potential remedies and recommend thermal tolerance metrics that may be comparable across life stages. We also encourage the creation of guidelines to design, report, and assess comparative analyses to increase their reliability and reproducibility.


Introduction
Comparative analyses are essential for highlighting common and distinct patterns in the ecology and physiology of organisms across the tree of life. However, this is not a trivial exercise. The diversity of research questions, methods, and species investigated in ecological studies creates significant sources of data heterogeneity (Senior et al. 2016). Therefore, it is the researcher’s responsibility to ensure that the assumptions made regarding the quality and comparability of the compiled data are reasonable and justifiable. 
Here, we use a case study on the vulnerability of the world’s fishes to temperatures (Dahlke et al. 2020) to illustrate how questionable assumptions may impact the reliability of research findings. To predict fish vulnerability to climate change, Dahlke and colleagues compiled published thermal tolerance limits of nearly 700 fish species at different life stages. Then, the authors inferred life stage-specific differences in thermal tolerance limits and assessed the vulnerability of fish species to climate change. The authors found that the mean thermal tolerance range of embryos and spawners consistently differ from larvae and non-spawning adults by over 20°C. While the implications of this study are topical, we contend that Dahlke et al. (2020) made questionable assumptions that compromise the robustness of their research findings. We provide a list of concerns, suggest potential remedies, and offer recommendations for future comparative studies in evolutionary ecology.  


Data comparability and confounding factors
Thermal tolerance limits commonly define the minimum and maximum temperatures an organism can tolerate over a given period. Conventionally, two main metrics are used to quantify these traits: critical thermal minima/maxima (CTM; Fig. 1a,b; Cowles and Bogert 1944), and median lethal temperatures (LT50; Fig. 1c,d; Fry 1947). While CTM are easy to quantify in juveniles and adults by recording motor function, monitoring behavioural responses of embryos is challenging, and published evidence in spawners is sparse. Therefore, Dahlke et al. (2020) extended their study to include additional metrics. 
Dahlke et al.’s data for spawners reflected “the temperature at which ripe males and females (advanced stage of gonad maturation) have been observed in the field”, which represent field occurrence data. While thermal tolerance limits of fish species may correlate with the temperature of their spawning sites, habitat use cannot be used as a comparable metric with CTM or LT50. In essence, field occurrence data underestimate thermal tolerance limits, and comparing these metrics is analogous to comparing fundamental and realized ecological niches. Their embryo thermal limits, on the other hand, were the “High or low temperatures reported to cause a statistically significant change in survival relative to the optimum value” (Fig. 1e,f). Such a metric largely differs from the extreme temperatures an embryo can tolerate, which correspond to the far-ends of the thermal performance curve (Fig. 1e).
While these uncommon metrics provide proxies for thermal tolerance, they are unlikely to be directly comparable to CTM and LT50 without statistical validation. Dahlke et al. (2020) validated spawners in situ observations with laboratory estimates of temperatures “that exert negative effects on gonad maturation and/or subsequent offspring survival” (Fig 1e). While it is sensible to validate the compiled metrics, this method compares in situ observations with deviations from optimal reproductive performance which, as previously discussed for embryos, is, again, unlikely to be directly comparable with CTM and LT50.
Although comparative analyses can use different metrics, principles of experimental biology require the compared data not being confounded with other factors. Strikingly, the alternative metrics of Dahlke et al. (2020) were used solely for embryos and spawners, whereas CTM and LT50 data were used only in juveniles and adults. The separation into stage-specific metrics essentially confounds life stage and thermal tolerance metrics. Because all things are not equal, distinguishing whether differences in thermal tolerance limits are the result of varying metrics or varying life stages, is impossible. Therefore, we believe that the large stage-specific differences in thermal limits were, in fact, defined by underestimated metrics in embryos and spawners.
Additional sources of concerns
The piece from Dahlke et al. (2020) is subject to additional sources of procedural concerns. Thermal tolerance limits are plastic and highly dependent on prior thermal history, with higher temperatures and longer acclimations commonly inflating thermal tolerance. The authors made the effort to account for differences in acclimation “by considering the value determined under the highest/longest acclimation treatment”. However, experimental biologists often use durations and temperatures of acclimation outside the range naturally experienced by animals. Because this correction was used only in juveniles and adults, it likely inflated the estimates linked to these life stages relative to embryos and spawners.
In comparative physiology, it is also paramount to ensure data quality prior to its inclusion in analyses. Unfortunately, we identified data inconsistencies during a non-systematic and brief examination of the original data. For example, despite being used for collecting embryo data for 96 species, studies published by Mito (1961a,b; 1962a,b,c; 1963a,b,c,d) do not report thermal tolerance data. Indeed, while Dahlke et al. (2020) reported the thermal tolerance of Oplegnathus fasciatus as 23.4°C, the original reference (Mito 1963a) denotes that “At water temperatures of 20.6-23.4°C, the embryos reach the seventh stromal stage at 16.5 hours post-fertilization” (translated from Japanese), which does not indicate that thermal limits, nor deviations from optimum survival, were quantified. 
Suggested remedies
We believe that the concerns we highlighted are mostly caused by dubious assumptions about the metrics’ comparability. Here, we suggest a homogenization of metrics among life stages to remove sources of confounding factors. 
For instance, deviations from the optimum survival of juveniles, adults, and spawners may appear as comparable estimates to the ones currently used for embryos. However, the dependency of this metric on statistical significance makes it susceptible to differences in sample sizes between studies. Instead, we recommend using available CTM and LT50 in embryos and spawners as comparable metrics with the published evidence on juveniles and adults. 
The CTM of embryos can be estimated by recording the temperature at which the heart stops beating (Del Rio et al. 2019; Zebral et al. 2018). In some instances, such metric provides evidence for higher CTM in embryos relative to juveniles (Del Rio et al. 2019). Using CTM in spawners is also interesting, and some evidence points pre-reproductive and reproductive Trinidadian guppies to differ by less than 1°C when using this metric (Auer et al. 2021). We also recommend employing the temperature resulting in a 50% decrease in embryo survival relative to the optimal temperature as a proxy for LT50. Interestingly, the concept of thermal tolerance landscapes (Rezende et al. 2014) also offers possibilities to unify thermal tolerance estimates to a single comparable metric (Jørgensen et al. 2019, 2021). We believe this framework opens fruitful avenues for reducing heterogeneity between methodologies and life stages.
Comparable estimates may not be available in sufficient amounts for all life stages, however. If true, we argue that the time is perhaps not ripe for a synthesis of this scale. We urge evolutionary ecologists to standardize thermal tolerance metrics across life stages. Until a more standardized system is in place can a synthesis reliably explore ontogenetic differences in thermal tolerance.
Implications and future directions
The implications of the study from Dahlke et al. (2020) are outstanding. If thermal bottlenecks in the life cycle were to occur and impact the vulnerability of fishes to climate change, Dahlke et al.’s conclusion could drastically influence research and conservation efforts. However, we are unsure that the data compiled by Dahlke et al. (2020) can confidently address this question. Therefore, we caution against generalizing their results too promptly. 
Unfortunately, the concerns highlighted in Dahlke et al. (2020) are not an isolated case. Synthesizing a large body of evidence exposes researchers to a diversity of experimental designs that may impact the quality of the data. Therefore, ensuring that data is robust, representative, and comparable is critical for any comparative analysis. Although providing comprehensive guidelines is not the main aim of this piece, we encourage evolutionary ecologists to create guidelines for designing, reporting, and assessing comparative studies. In the meantime, we refer the reader to Phylotocol (DeBiasse and Ryan 2018), PRISMA-EcoEvo (O’Dea et al. 2021) and Nakagawa et al. (2017), which provide useful resources, albeit not specifically tailored for comparative studies in evolutionary ecology. 
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Figures:
[image: ]Figure 1: Graphic overview of conventional thermal tolerance metrics, and the metrics used by Dahlke et al. (2020). a. Representation of the experimental design used to assess critical thermal limits. Here, the temperature is gradually increased (critical thermal maximum, CTmax), or decreased (critical thermal minimum, CTmin) and the temperature at which individual animals reach a pre-defined endpoint (e.g., loss of motor function) is recorded. The CTmax or CTmin is then defined as the arithmetic mean of the individual endpoints. b. Alternative representation of CTmin and CTmax. Depicted is a thermal performance curve that is bounded by CTmin and CTmax, the temperatures at which the animals lose their motor function. The temperature for optimal performance is defined as Topt. c. Representation of median lethal temperature assessment. In these experiments, cohorts of animals are traditionally exposed to a range of temperatures and their survival is assessed at the end of the experiment. The survival rate at each temperature is then used to generate a logistic or probit survival curve and the LT50 is interpolated as the temperature lethal for 50% of the animals (d.). In e. and f. are depicted some metrics used by Dahlke et al. (2020). e. Metric used for the thermal limits of embryos and the validation of the metric used for spawners. Here, the grey-shaded area represents the hypothetical range of temperatures that are not statistically different from the temperature for optimal performance. With this metric, any temperature outside this zone can be defined as the thermal tolerance limit. Therefore, this metric strongly depends on the temperatures used in the experiment, which may be largely different from CTmax and CTmin. f. Difference between the metric used in Dahlke et al. 2020 considering the same experimental design as presented in c. Here, the first temperature tested causing a deviation from optimal survival is considered as the thermal tolerance limit, which is different from LT50. In all sections, red and blue stars represent true thermal limits, whereas grey stars denote thermal limits misidentified through fallacious design. 
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