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Overall Summary 
Butterfly thermoregulation is a topic near and dear to me and tropical butterfly thermoregulation is particularly exciting – a topic that has percolated around in my brain for many years now after doing my own PhD thesis on this. And so it was with eager anticipation that I reviewed the thesis. It did not disappoint. 

A real strength of the work is the amount of data collected across so many variable ecosystems, regions, and species. The comparative power of the data is clear and the candidate has taken advantage of this. I also appreciate the focus on “thermal buffering ability” as it provides a convenient and intuitive framework for analyzing and interpreting trends in the data (though see comments about this below). 

The high quality of this thesis is represented by an already published chapter (Chapter 2) in Global Change Biology. This is an interesting comparison between butterflies in Panama vs. Europe using the thermal buffering ability framework. As I said, I think the amount of data is a strength here but the candidate is also careful in how the data are analyzed. I feel that the other two chapters are similarly ready for submission to journals and I particularly enjoyed Chapter 4. Heliconius always struck me as an ideal system for studying thermoregulation given the abundance of background research surrounding their evolution. Some really interesting patterns jump out in that dataset and I feel that the candidate has done a good job in analyzing the data and interpreting it carefully. Finally, Chapter 3 is quite interesting and shows how interactions between climate zones and morphology/behavior can determine thermal buffering ability. 

I have no major issues with the thesis. However, I do have suggestions for consideration, especially as the remaining unpublished chapters are prepared for submission (I also left comments on Chapter 2, but seeing as this is already published then these comments are largely food for thought and I don’t think it’s necessary to make corrections). In particular, a few different issues/questions repeatedly came to mind as I read the thesis. These can broadly be characterized as relating to 1) the connection between thermal buffering ability and butterfly fitness, 2) biophysical mechanisms underlying buffering ability, and 3) indirect impacts of climate change on butterflies (and especially tropical butterflies). Here I pose a few questions along these lines for consideration (“Key questions”). I’ve also left more specific questions/suggestions linked to specific lines in the thesis to help guide the candidate (“Chapter-specific comments and questions”). 

Key questions
1. Definition of buffering ability – The power of the approach taken here is that the definition of buffering ability is quite intuitive and it’s easy to apply to a wide range of contexts. But I do wonder, is this really an “ability” that’s being characterized? In other words, does a butterfly with a lower measurement of “buffering ability” actually have lower capacity to respond to climatic change? Taken to the extreme, by this definition, all homeotherms have better buffering “ability” than heterotherms. But remember that most animals are in fact heterotherms and it is a very successful strategy for managing environmental variation! So, could it be that butterflies with lower buffering “ability” have different strategies for thermal variation that precludes the need for maintaining a stable Tb?
2. Biophysics – I wonder whether some of the patterns observed and characterized in the thesis could be explained through biophysical principles or modelling? In particular, size is clearly beneficial. Is this simply a property of thermal inertia? How might differences in humidity differentially affect butterfly thermoregulation across latitude? 
3. Precipitation – What’s the possible mechanism driving variation in buffering ability across precipitation zones (in Chapter 3)? This is alluded to a few times but it could be a lot of things I suppose. Can you expand more on the indirect effects of precipitation on buffering ability? Are these likely to be more important than the direct effects?

Chapter-specific comments and questions

Chapter 1 
P5 – “Big butterflies are more effective at thermoregulating than small butterflies as they may leverage their larger wing area to either reflect solar radiation onto their thorax or away from their thorax (Bladon et al., 2020; Wenda et al., 2021). Furthermore, size is related to dispersal ability, and so larger butterflies may move to and utilise preferential microclimates.” – could there be other reasons why size is important for thermoregulation? Thermal inertia? Metabolic processes?

P6 – “Butterflies lose heat through convective cooling during flight, and so before take-off they must gain sufficient heat to extend their time flying (Advani et al., 2019).” – probably less of an issue in the tropics?

P1 – “develop our understanding of the traits”
P2 – “whereby distinct microclimates can occur”
P2 – “to avoid the cold winter temperatures”
P3 – “A butterfly’s physiological”
P3 – “helped characterize the species” – I think
P4 – remove J from Sunday citation
P5 – “it is thought that light coloured insects” “Iridescent species”
P6 – “the individual’s body temperature”
P6 – “Butterflies lose heat through”

Chapter 2
P21 – “Forewing length (in mm) from the Rp of the wing to the point where it meets the thorax was measured using callipers (at the Panama and UK sites only).” Why FW length and not thorax size?
P22 – “Wing aspect ratio (the ratio of forewing length: forewing width) strongly influences flight performance, which in turn can determine a species’ capacity to move to more favourable microclimates and hence their ability to buffer air temperature (Chazot et al., 2016).” – Could it also affect body temperature via the increased power for flight?
P22 – “To ensure our estimates of buffering ability were robust, only species with at least ten Tb measurements across a range of at least 5 °C of Ta were included in analyses.” Why 5? Are the results sensitive to the threshold? Would it make sense to scale the threshold relative to the seasonal temperature?
P23 – “With this method, a steep slope shows that the butterfly’s Tb varies greatly over small ranges of Ta, thus indicating a low buffering ability. A shallow slope shows that the butterfly’s Tb remains relatively stable over wide ranges of Ta, thus indicating a high buffering ability.” In general, I think this is sensible. But it could be adaptive for a given species to follow Ta over time and perform variable behaviors accordingly, couldn’t it? In other words, maybe a given species doesn’t need to change its Tb over time. Maybe the need for this has variable importance across latitude?
P25 – “A large difference between Tm and Tb suggests that the butterfly is regulating its temperature independently of its chosen microclimate, for example by behavioural posturing relative to the sun.” What mechanisms other than postural adjustment could explain this difference?
P30 – “Temperate species used postural thermoregulation to increase their body temperature by a mean of 4.2 ± 0.1 °C compared to 2.2 ± 0.2 °C in neotropical species.” – this should be Ta dependent I presume?
P34 – “However, the neotropical species we sampled are not endemic to Panama and are found elsewhere in the neotropics, making our tropical data likely to be a reliable subsample of the wider neotropical butterfly community.” – but it’s one habitat type right? Elevation and habitat type are likely to be important?
P36 – “In the temperate region more open habitats were sampled, which would have provided greater opportunities for basking and could explain why temperate butterflies undertook postural thermoregulation more than neotropical butterflies.” – Could it be that this is more of an open vs forested habitat effect than a temperate vs tropical?
P38 – “To our knowledge, this is the first study comparing the thermal buffering ability of ectotherms between tropical and temperate systems.” – I think this is a fair statement. But arguably some of my own research has examined this (Bonebrake et al. Proc B 2014), but from a single species perspective. My research showed that Tb increases quite a bit thanks to the increased effect of solar radiation on Tb for temperate populations (and more so probably, for dark species). I didn’t frame this in the context of thermal buffering but I think it could be interpreted this way. Basically, could there be a largely biophysical explanation (radiation) for the better “thermal buffering” ability for neotropical species? [I don’t mean to suggest you need to cite my work here, it’s well referred to in the thesis already! Just wanted to put this forward for consideration.]

Chapter 3
Figure 3.3 – multiple comparisons have been accounted for, but it still feels that maybe these results might be more idiosyncratic or statistical artefacts than actual ecological mechanisms? Ta range might also be important in terms of variability across regions? I guess I’m mostly surprised there aren’t more species with differences.
P72 – what’s the logic behind using climatic zones instead of the actual numeric values? Is it possible that the zones hide key relationships between buffering ability and the climatic variables?
P84 – “Butterflies from warm temperate zones had the highest buffering ability, followed by butterflies from cold zones and finally butterflies from cold temperate
zones.” – but thinking about tolerance, butterflies from warm zones might have higher tolerance, in which case they wouldn’t need to buffer Ta changes?
P84 – “The difference in buffering ability between dry and mesic zones might be
explained by the higher humidity in mesic zones reducing the risk of desiccation and hence being beneficial for thermoregulation (Chown et al., 2011).” Reasonable explanation. But could there also be a biophysical explanation? Any possibility of convective heat transfer differences?
P84 – “This is unsurprising considering the amount of intraspecific variation in buffering ability observed.” – is the implication here then that environment and behavior are the main drivers of this variation and morphology (which I presume would be conserved) isn’t as important?
P86 – “Across all zones, the use of postural thermoregulation decreased at high air temperatures, suggesting that butterflies are using postural thermoregulation to gain heat when air temperatures are low, not to lower their temperature at high air temperatures.” – Are postural thermoregulation and selection of microclimates the only ways a butterfly can change their Tb with respect to Ta?

Chapter 4
P108 – you might find Pauline Dufour’s work on Ecuadorian pierids, morphology and elevation useful in this context:
Dufour PC, Willmott KR, Padron PS, Xing S, Bonebrake TC, Scheffers BR (2018) Divergent melanism strategies in Andean butterfly communities structure diversity patterns and climate responses. Journal of Biogeography, 45, 2471-2482
P113 – “Wing colour lightness was assessed visually as the percentage of black on both hind and forewing for each species/subspecies.” Can you provide more detail on this?
P115 – “To examine drivers of take-off temperature and heating rate LMMs were fitted. Take-off temperature and heating rate were fitted separately as response variables and sex, condition, forewing length, wing load, forewing aspect ratio, colour lightness and iridescence as predictor variables.” – could thorax width be important?
Figure 4.3 – cool! This is an interesting figure and impressive result. 
P124 – at some point in the chapter I would suggest discussing the results in the context of the following paper:
Srygley RB, Chai P (1990) Predation and the elevation of thoracic temperature in brightly colored Neotropical butterflies. The American Naturalist, 135, 766-787.
Is it possible that Tb is a stronger constraint in Heliconius because of the importance of predation as a selective force?
P123 – “The morphological traits driving heating rate differed between dead and live butterflies indicating that behaviour and/or physiology also determine Heliconius thermoregulation.” – is it possible that the difference is largely determined by the different species used for the tests? Or was this controlled?
P124 – but examining heating rate of dead specimens allows one to control for the effect of physiology, so this can probably be useful in context

Chapter 5
P144 – “I have shown that neotropical butterflies are not likely to be more inherently vulnerable to warming than temperate species.” – not sure I agree with this statement… you’ve shown that they’re not inherently more vulnerable as a consequence of thermoregulatory ability, but they could very well be more vulnerable for other reasons.
P144 – “Additionally, to my knowledge this is one of the first studies to
measure thermoregulation in an assemblage of tropical butterflies.” – maybe Wenda et al. 2021?
P146 – “In order to determine”
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