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Synopsis Temperature is one of the most important environmental factors driving the genome-to-phenome relation-

ship. Metabolic rates and related biological processes are predicted to increase with temperature due to the biophysical

laws of chemical reactions. However, selection can also act on these processes across scales of biological organization,

from individual enzymes to whole organisms. Although some studies have examined thermal responses across multiple

scales, there is no general consensus on how these responses vary depending on the level of organization, or whether

rates actually follow predicted theoretical patterns such as Arrhenius-like exponential responses or thermal performance

curves (TPCs) that show peak responses. Here, we performed a meta-analysis on studies of ectotherms where biological

rates were measured across the same set of temperatures, but at multiple levels of biological organization: enzyme

activities, mitochondrial respiration, and/or whole-animal metabolic rates. Our final dataset consisted of 235 pairwise

comparisons between levels of organization from 13 publications. Thermal responses differed drastically across levels of

biological organization, sometimes showing completely opposite patterns. We developed a new effect size metric,

“organizational disagreement” (OD) to quantify the difference in responses among levels of biological organization.

Overall, rates at higher levels of biological organization (e.g., whole animal metabolic rates) increased more quickly with

temperature than rates at lower levels, contrary to our predictions. Responses may differ across levels due to differing

consequences of biochemical laws with increasing organization or due to selection for different responses. However, taxa

and tissues examined generally did not affect OD. Theoretical TPCs, where rates increase to a peak value and then drop,

were only rarely observed (12%), possibly because a broad range of test temperatures was rarely investigated. Exponential

increases following Arrhenius predictions were more common (29%). This result suggests a classic assumption about

thermal responses in biological rates is rarely observed in empirical datasets, although our results should be interpreted

cautiously due to the lack of complete thermal profiles. We advocate for authors to explicitly address OD in their

interpretations and to measure thermal responses across a wider, more incremental range of temperatures. These results

further emphasize the complexity of connecting the genome to the phenome when environmental plasticity is incor-

porated: the impact of the environment on the phenotype can depend on the scale of organization considered.

Introduction

Temperature is one of the most important environ-

mental factors impacting the relationship between

genome and phenome. The impacts of temperature

on the phenotype occur at all biological scales and

can vary depending on the genotype (i.e., G � E

interactions; Grishkevich and Yanai 2013). A key

driver in this relationship is the temperature-

dependence of metabolic rate. Metabolic rate reflects

both the consumption of chemical energy by an or-

ganism and the capacity to do work. Metabolic rate

is determined partly by body temperature, which

varies with ambient temperature for ectotherms.

When metabolic rate is elevated by ambient temper-

ature, it can lead to faster growth, more energetic

lifestyles, higher mutation rates, and even effects at

the ecosystem level (Brown et al. 2004; Duarte 2007;

Schulte 2015).
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One way to explain these effects is as a direct

consequence of the physical laws governing the

thermo-kinetics of chemical reactions along with

the scaling properties of animal bodies. The expec-

tation that biological rates should follow Arrhenius-

like reaction norms (Arrhenius 1915; Fig. 1A) led to

the proposal of an equation for Universal

Temperature Dependence (UTD; Gillooly et al.

2001), which calculates the metabolic rate (Q)

from body mass (M), absolute temperature (T),

Boltzman’s constant (k), a taxonomic scalar (b0),

and the activation energy of the rate-limiting step

of metabolism (E):

Q ¼ b0M3=4e�E=kT

As others have noted, UTD in its strictest form

assumes that whole-organism metabolic rates are di-

rectly dependent upon biochemistry and offers no

insight into ecologically or evolutionarily driven dif-

ferences in metabolism contained in the taxon-

specific scalar (Clarke 2004; Clarke and Fraser

2004). However, experimental evidence has demon-

strated important metabolic differences among spe-

cies and across levels of organization (Dell et al.

2011; Gangloff and Telemeco 2018). This suggests

UTD in its strictest form is an oversimplification.

For example, differences in mitochondrial efficiency

(Clarke and Fraser 2004), mitochondrial density

(Preedy et al. 1988), and relative tissue masses

(Daan et al. 1990) may alter predictions based purely

on biochemical laws. While differences might also be

caused by differing enzyme activation energies under

the UTD (e.g., Somero 1995), it is likely that selec-

tion at higher levels of organization has shaped ther-

mal responses in biological rates, implying that these

relationships cannot be predicted solely from bio-

physical laws.

To move beyond a strictly biophysical UTD, the-

ories of evolutionary trade-offs (Clarke 1993, 2004)

attempt to explain how the impact of temperature

on metabolic rates is mediated by both passive bio-

chemical laws and thermal adaptations of species liv-

ing at different temperatures. For instance, the

hypothesis of oxygen and capacity-limited thermal

tolerance (OCLTT) gives a mechanistic explanation

for the drop in organismal performance that occurs

at high temperatures without relying simply on pro-

tein denaturation as an explanation, instead invoking

an imbalance between oxygen supply and demand in

peripheral tissues (Pörtner 2002, 2010; Schröer et al.

2011; Pörtner et al. 2017). For some organisms, pro-

cesses operating at the enzymatic, mitochondrial,

and whole-organism scale appear to be involved in

an adaptive response of rates to temperature that

differs from the expectation from pure biochemistry

(White et al. 2012; Gangloff and Telemeco 2018).

These specific scales of organization should be

mechanistically linked: metabolic rates are reflected

in oxygen consumption, which is driven by mito-

chondria, which are dependent on the coordination

of mitochondrial enzymes (Fig. 2). However,

whether processes respond similarly to temperature

across these scales of organization is unclear. For

instance, Fangue et al. (2009) found that mitochon-

drial respiration in killifish (Fundulus heteroclitus)

had a clearly exponential relationship with tempera-

ture, while whole-animal respiration rose but then

leveled off over the same temperature range (Fig. 1).

One common framework for assessing

temperature-dependence in biological rates is the

use of thermal performance curves (TPCs; Fig. 1B).

A TPC is constructed by measuring either a metric
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Fig. 1 (A) Prediction of the reaction rate (k) of an enzyme from the Arrhenius equation. (B) A theoretical TPC depicting performance

or rate over temperature, a function of Arrhenius-like processes at lower temperatures followed by some form of limitation at higher

ones. (C and D) Data from Fangue et al. (2009) on “background” mitochondrial respiration (C) and standard metabolic rate (D) for

killifish (F. heteroclitus) acclimated to 5�C. Note that standard metabolic rate, an organism-level metric, could not be assayed above

30�C due to mortality, suggesting the high rates at 30�C may be the “peak” of a TPC.
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of performance or a biological rate process such as

oxygen consumption for an animal across a wide

range of temperatures (Schulte et al. 2011; Schulte

2015; Gangloff and Telemeco 2018; Rezende and

Bozinovic 2019). A typical assumption of TPCs is

their asymmetrical “hump” shape: an organism dis-

plays increasing performance with temperature up to

a point (Topt), beyond which it falls dramatically.

Hump-shaped TPCs have been fit to data at many

levels of organization under the assumption that any

biological rate process reflects to some degree the

underlying thermo-kinetic increase in rates followed

by protein denaturation or death at extreme temper-

atures (Schulte 2015; Gangloff and Telemeco 2018;

Rezende and Bozinovic 2019). However, it is unclear

how realistic this assumption is for biological rates

across different levels of organization (Gangloff and

Telemeco 2018). It has been noted that thermal con-

straints on rate become apparent at the highest level

of organization (the whole organism) before lower

levels (tissues, cells, and enzymes) (Pörtner 2002).

The rising leg of an organism’s metabolic rate may

also assume a logarithmic rather than exponential

shape due to temperature-dependent constraints op-

erating at levels above that of the enzyme (Schulte

et al. 2011). An organism’s capacity for acclimation,

a form of active plasticity, can also cause rates to

show a linear relationship with temperature rather

than an exponential one, if the organism compen-

sates for the passive rise in rate with temperature

(Schulte et al. 2011; Seebacher et al. 2015; Havird

et al. 2020). Finally, the falling leg of the TPC may

be undersampled due to the high mortality/dysfunc-

tion of animals at extreme temperatures (Penney

et al. 2014; Fangue et al. 2009).

Here, we performed a meta-analysis of the

temperature-dependence of biological rates across

three levels of organization: activity of individual

enzymes, oxygen consumption in isolated mitochon-

dria, and whole animal metabolic rates. These repre-

sent linked components of aerobic metabolism, a

process often thought to display a “typical” TPC

but for which the mechanistic basis of thermal de-

pendence is debated (Schulte 2015). Theory suggests

that increasing complexity decreases optimum tem-

perature and flattens the exponential reaction norm

as mitochondrial, cellular, tissue-level, and

organismal-level limits are reached. We thus pre-

dicted that rates would increase across the same set

of temperatures to a lesser degree at higher levels of

organization (e.g., whole organisms) compared to

individual enzymes (which may show strictly

Arrhenius-like exponential increases within an ani-

mal’s critical thermal range). We also predicted

that responses at levels that were more similar in

organization (e.g., enzymes vs. mitochondria) would

be more similar than across distant scales (e.g.,

enzymes vs. whole animal metabolic rate).

Additionally, we predicted that whole animal meta-

bolic rates would be more likely to follow a standard

TPC across measured temperature ranges, while rates

at lower levels would more likely be exponential; this

follows from the assumption that the thermal ranges

sampled are likely to have been based on organismal

Enzyme Mitochondria OrganismA B C

• Activation energy
• Substrate affinity
• Substrate concentration
• Denaturation

• Membrane integrity
• O2 availability
• Mitochondrial density
• Fission/fusion

• Cardiac function
• Stress response
• Behavior
• Reproductive state

Fig. 2 Thermal response of metabolism in a killifish (Fundulus heteroclitus) at increasing levels of organization: (A) the cytochrome c

oxidase enzyme (COX), which catalyzes oxidative phosphorylation, (B) the hepatic mitochondria in which the enzyme is embedded,

and (C) the whole organism in its thermal environment. Listed are properties of each level that are sensitive to temperature and may

play a role in shaping TPCs. Images are in the public domain or available from Wikimedia under Creative Commons license Attribution

2.5 Generic (CC BY 2.5). Image authors: (A) Jawahar Swaminathan, (B) Louisa Howard, (C) Brian Gratwicke. https://commons.

wikimedia.org/wiki/File:Fundulus_heteroclitus.jpg.
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limits, rather the broader limits of processes at lower

levels.

Materials and methods

Data collection

We searched the literature for publications where

enzyme activities, mitochondrial respiration, and

whole animal metabolic rates were measured across

at least two temperatures. Search terms included

combinations and iterations of keywords including

“temperature,” “thermal,” “mitochondria,”

“respiration,” “oxygen consumption,” “plasticity,”

and “metabolism” (see Supplementary Table S1 for

exact searches). We primarily searched publications

indexed in the Web of Science database. Google

Scholar was used in supplementary searches (exam-

ining the first 100 returned papers). We also used

reference-based searching. Searches were performed

during June and July 2019. Publications not indexed

in databases or not publicly available, studies that

were not published at the time of our searches,

and those not written in English were likely missed.

To be included in our analyses, papers had to

quantify mean and variance of a response measured

at two or more temperatures across at least two of the

three levels of biological organization. Only studies of

ectothermic animals were included because ambient

temperature controls body temperature in ectotherms,

but not endotherms. In an effort to ensure consis-

tency in methods such as animal husbandry when

comparing across levels of biological organization,

we only included papers where thermal response

was measured at multiple levels of biological organi-

zation. For example, we did not compare whole ani-

mal metabolic rates from one publication to enzyme

activities measured in a separate publication, even if

the papers were published by the same research group

and investigated the same species. We also required

that acclimation and test temperatures were not con-

founded; animals had to be acclimated to one tem-

perature and then tested across at least two

temperatures. Metabolic rates had to be post-

absorptive and taken under resting conditions (i.e.,

routine or standard metabolic rate) to be included.

Although not explicitly an inclusion criterion, the

temperatures investigated were often very similar or

identical across levels of organization (i.e., metabolic

rates measured at 10�C–20�C were not compared to

enzyme activities at 20�C–30�C), which may be a lim-

itation of these studies as thermal limits may differ

across biological levels. The temperatures investigated

also tended to be within the normal thermal range of

the species.

Calculating effect sizes

For the publications included in our final dataset,

the main data extracted were mean and variance of

response (e.g., oxygen consumption or enzyme activ-

ity) at each temperature and associated sample sizes

for those data. These data were taken directly from

tables or text in the publication or were extracted

from figures using WebPlotDigitizer version 4.2

(https://automeris.io/WebPlotDigitizer). One of us

(ENKI) extracted all the data, but a random subset

of 40% of the data were verified independently by

another researcher (JCH). Several types of metadata

were also extracted for each set of measurements,

including taxonomic information for the species in-

vestigated, whether data were available for each level

of organization, the acclimation temperature that

was used prior to measuring responses across multi-

ple temperatures, and the tissue that was used (for

mitochondrial and enzymatic data). For most of the

publications, multiple experiments were performed,

including comparing among different species, popu-

lations, or mitotypes, using multiple acclimation

treatments, comparing among multiple tissues, mea-

suring multiple types of mitochondrial respiration

(e.g., State 3 vs. State 4), or activities of multiple

enzymes. These data were recorded for each set of

measurements extracted from each publication.

The primary purpose of our study was to deter-

mine if thermal responses differed across levels of

biological organization. Therefore, we developed an

effect size metric, referred to here as “organizational

disagreement” (OD) to quantify the disagreement in

thermal responses when comparing measures at two

different levels of biological organization (see

Supplementary Information for a detailed statistical

description). This essentially amounted to comparing

the slope of the thermal response for each level of

organization. Although slopes were assumed to be

linear to allow common analysis of diverse shapes,

we acknowledge that many responses were non-

linear, which may have led to responses being quan-

tified as more similar than they actually were.

Importantly, because different scales were used for

each of the responses, the relative change in response

was used for the slope, not the absolute change in

response (i.e., this method quantifies if rates doubled

with some increase in temperature, not if they in-

creased by a particular unit of measurement over

that temperature). We coded the data so that OD

would be positive if rates at lower organizational

levels (e.g., enzyme activities) increased more with

temperature than rates at higher organizational levels

(e.g., metabolic rates), or negative if vice versa. We
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therefore predicted positive OD based on our hy-

potheses. We used the delta method (Hoef 2012)

along with the variances and sample sizes for each

measurement to calculate the variance in OD for

each comparison. The delta method has been used

previously to estimate variance from thermal

responses (Heine et al. 2019; Havird et al. 2020).

Statistical details on calculating OD and the code

used (as implemented in R, R Core Team 2016)

can be found in the Supplementary Information.

In other words, for each publication, we extracted

a series of thermal responses across levels of biolog-

ical organization and then compared how much they

differed using the OD effect size. For example,

Fangue et al. (2009) measured two types of respira-

tion in mitochondria isolated from liver tissue (S3

and S4 at 2�C, 5�C, 10�C, 15�C, 20�C, 25�C, 30�C,

and 35�C) along with whole animal metabolic rates

(at 5, 10, 15, 20, 25, and 30�C) in a temperate and

subtropical subspecies of F. heteroclitus. While mito-

chondrial respiration was measured in animals accli-

mated to 5�C, 15�C, and 25�C, whole animal

metabolic rates were only quantified for animals ac-

climated to 5�C. Therefore, while 14 thermal

responses were quantified, only four valid compari-

sons could be made: mitochondrial versus whole an-

imal responses for two subspecies and two types of

mitochondrial respiration. In this way, we never

compared responses measured across different sub-

species or populaitons, at different acclimation tem-

peratures, or from different tissues.

Meta-analyses

We performed weighted, random-effects meta-analy-

ses on the calculated OD metric and its variance

using the metafor package in R (Viechtbauer 2010).

In some analyses the “raw” value for OD was used to

determine the directionality of the disagreement

(e.g., if rates at lower organizational levels increased

more with temperature than rates at higher organi-

zational levels). However, we also performed meta-

analyses on the absolute value of the organizational

metric to answer the general question “How different

are thermal responses at different levels of organ-

ization?” without considering the directionality of

the disagreement. Publication was also included as

a random effect in the main meta-analysis models

to control for multiple comparisons being made

from all publications. Publication bias in the data

was assessed by visually inspecting a funnel plot

and performing an Egger’s regression (Egger et al.

1997), a trim-and-fill analysis (Duval and Tweedie

2000), and a fail-safe number analysis (Rosenthal

1979).

Meta-analyses were also performed with a variety

of moderators to determine if certain variables af-

fected OD. Acclimation temperature and absolute

difference between acclimation temperature and the

lowest test temperature were included as continuous

moderators. Taxonomic class, tissue, enzyme iden-

tity, and type of mitochondrial respiration were in-

cluded as categorical moderators in appropriate

analyses. Finally, the type of comparison was in-

cluded as a categorical moderator and included three

categories: enzyme versus mitochondria, enzyme ver-

sus whole animal, and mitochondria versus whole

animal.

Classifying the shape of thermal response curves

To determine if rates followed a stereotypical TPC

(e.g., showing a peak value at an intermediate tem-

perature), exponential increase with temperature as

predicted by Arrhenius processes, or other patterns,

each response was examined visually. For each re-

sponse, the number of temperatures tested was

recorded, along with whether rates generally in-

creased, decreased, or did not change with tempera-

ture. The shape of each response was categorically

classified as exponential, logarithmic, linear, logistic

(i.e., “s-shaped”), “peak” (showing a clear increase to

a peak followed by a clear decrease), or “valley” (de-

creasing to a clear minimal rate followed by a clear

increase). Responses measured at three or more tem-

peratures could be classified as any of these shapes (4

were required for s-shapred), while those measured

at only two temperatures were classified as linear.

Each response (means 6 SEM) was visually

inspected and scored blindly and independently by

two of us (ENKI and JCH) and then examined for

agreement. Although classifying responses using a

quantitative best-fit approach would have been de-

sirable, the lack of available raw data for most

responses and the variability across the responses

made this approach untenable. Differences in the

proportion of response types between levels of orga-

nization were tested with Fisher’s exact and chi-

squared tests, and with a pairwise Fisher’s test to

determine if any particular types differed signifi-

cantly by level.

Data availability

All data are available in the Supplementary

Information or via FigShare (http://dx.doi.org/10.

6084/m9.figshare.12047235). This includes the data-

set used to calculate the OD effect size
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(Supplementary File S1), the dataset used to perform

the meta-analyses for the 235 comparisons

(Supplementary File S2), and the dataset for all 190

classified thermal responses (Supplementary File S3).

Also included is the R code used to calculate effect

sizes, perform the meta-analyses, and generate the

figures (Supplementary File S4).

Results

OD varies widely

Over 1000 publications were screened during our

searches and 13 publications representing 16 species

from seven taxonomic classes met our inclusion cri-

teria (Supplementary Fig. S1). Many publications

quantified thermal responses at only one level of bi-

ological organization and were, therefore, excluded.

Despite the limited number of publications included,

235 comparisons of thermal responses between dif-

ferent levels of biological organization were made.

Rodnick et al. (2014) and Pörtner et al. (1999) had

the lowest numbers of comparisons in our dataset

(three each), while Rogers et al. afforded the most

comparisons (90) owing to examining two acclima-

tion treatments, two types of mitochondrial respira-

tion, four enzyme activities, three tissues, and whole

animal metabolic rate in the frog Limnodynastes per-

onii (Rogers et al. 2007). Given this, we reran the

analyses after removing all data from Rogers et al.

(2007) to ensure this single study was not solely re-

sponsible for the results. Qualitative results were

similar regardless if this study was included or

excluded.

OD was calculated for each of these 235 compar-

isons and varied from �0.134 to 0.123 (Fig. 3A and

B). To put these values in context, simulated data

where Q10 values were set to 100 at one level of

organization and 0.01 at the other level produced

an absolute organization disagreement value of

0.921. Q10 is a measure of the relative rate increase

normalized to a 10� increase in temperature and Q10

values of 2–3 are considered normal (Schulte 2015).

Therefore, OD values should conservatively vary

from �1 (higher levels increase more rapidly with

temperature) to 1 (lower levels increase more rapidly

with temperature) for biological data of these sorts.

We also recorded comparisons with very low levels

of OD (Fig. 3C), where variance encompassed zero.

Thermal responses differ among levels of

organization

Overall, there was noticeable disagreement in ther-

mal responses among organizational levels, with ab-

solute OD being significantly >0 overall

(OD¼ 0.038 6 0.003, P< 0.001, Figs. 3D and 4A).

When using raw OD to quantify the direction of

disagreement, rates at higher levels of organization

tended to increase more with temperature than rates

at lower levels of organization (overall raw

estimate¼�0.022 6 0.004, P< 0.001, Fig. 4A). Q10

values supported this, with average Q10 for enzymes,

mitochondria, and whole organisms being 1.55, 1.85,
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and 2.11, respectively. While heterogeneity between

studies was low (I2¼ 20.58%), there were significant

differences among publications in “raw” OD (mean

per study ranging from �0.055 to 0.025, P< 0.001).

However, including publication as a random effect

did not substantially alter results in any analysis.

Publication bias was investigated using a variety of

methods, including generating funnel plots for both

raw and absolute OD (Supplementary Fig. S2).

Egger’s tests for asymmetry in funnel plots suggested

non-significant publication bias for raw OD

(P¼ 0.121) and significant publication bias for abso-

lute OD (P¼ 0.033). However, trim-and fill analyses

did not substantially alter results of the meta-

analyses and fail-safe numbers were large (n¼ 2925

and 9819 for raw and absolute OD, respectively),

suggesting publication bias was a minor concern.

OD is similar among taxa, tissues, and acclimation

treatments

Several moderators were investigated to determine

when OD may be severe. Seven different classes of

animals were included in our dataset, and while class

was largely confounded with publication (e.g., no

publications examined more than one class), there

was not a significant difference in absolute OD

among classes (Fig. 4B, ranging from 0.024 to

0.050, P¼ 0.150), such that in each class OD varied

widely. Similarly, acclimation temperature or differ-

ence between acclimation and test temperature
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explained a non-significant portion of the variance

in OD (Fig. 4C, although raw OD tended to increase

with acclimation temperature, P> 0.057). There was

a significant effect of lower test temperature on raw

and absolute OD, such that as test temperatures in-

creased, OD tended to increase (absolute OD in-

creased by 0.013 per 10�C increase in test

temperature, P< 0.006 for both; Fig. 4D). Different

tissues used for mitochondrial isolation or enzyme

activities showed similar absolute OD (Fig. 4E, rang-

ing from 0.034 to 0.0466, P¼ 0.857). Enzyme activ-

ities did show different amounts of OD, with catalase

showing particularly high OD (P< 0.010 for raw and

absolute OD; max catalase¼ 0.076; min

NADPID¼ 0.011; Fig. 4F). All types of mitochon-

drial respiration examined showed similar levels of

absolute OD (Fig. 4G, ranging from 0.031 to 0.060,

P¼ 0.579). Rates at the most dissimilar levels of bi-

ological organization (enzyme activities vs. whole an-

imal metabolic rates) showed the most OD (Fig. 5),

but comparison type was not a significant moderator

for absolute (0.037–0.041; P¼ 0.923) or raw OD

(�0.016 to �0.037, P¼ 0.069).

Thermal responses take a variety of shapes

From the 13 publications identified here, 189 unique

thermal responses were extracted (Supplementary

Figs. S3–S6). We classified the shape of each re-

sponse, initially agreeing on the shape of 82% of

the responses. The remaining 18% generally had

points with high error, making classifications less

straightforward. We discussed each of these ambigu-

ous cases individually before settling on a response

shape, and always favored “peak” shapes to be

conservative.

On average, thermal responses were measured at

four temperatures in our dataset (median¼ 3,

range¼ 2–18), although more test temperatures

tended to be used at higher levels of organization

(Supplementary Fig. S7). For 31% of the thermal

responses, rates were only measured at two temper-

atures, preventing any classification other than a lin-

ear response. Of these two-temperature responses,

the vast majority (86%) showed increased rates

with temperature, while the rest of the cases (8/58)

showed no change in rates with increased temper-

atures. For the other 69% of responses where at least

three temperatures were measured, rates overwhelm-

ingly increased with temperature (86%), while no

change or decreases with temperature were far less

common (8% and 6%, respectively). For the 131

thermal responses where shape could be classified,

linear responses were the most common (32%), al-

though exponential responses were also common

(29%). Logarithmic, “peak,” “valley,” and s-shaped

responses were less common (17, 12, 5, and 5%,

respectively; Fig. 6). The proportion of shapes ini-

tially appeared to differ significantly among organi-

zational levels (P¼ 0.064 and 0.025 for Fisher’s exact

tests and chi-squared tests, respectively), with expo-

nential responses at similar frequencies across levels,

but “peak” responses being particularly common at

the mitochondrial level. However, when pairwise

Fisher’s exact tests were performed, no significant

enrichments for particular shapes at particular levels

were found (P> 0.290 for all tests with FDR

correction).

Discussion

Why is there OD in thermal responses?

Our main conclusion is that metabolic rates at dif-

ferent levels of biological organization respond to

temperature differently (e.g., Fig. 3D), although our

results should be interpreted cautiously due to the

lack of complete datasets and the paucity of data

points (averaging four test temperatures) for most

thermal responses. OD is not inherently surprising,

given that organismal phenotypes such as metabolic

rate integrate processes playing out at many scales,

while enzyme activities may be more directly influ-

enced by strict thermodynamic laws.

Selection likely acts more strongly on processes at

higher levels of organization because these levels are

more tightly linked with fitness (Stearns et al. 1995)

and because with greater complexity, there are more

potential targets of selection. There are multiple ways

to reach the same whole-organism thermal response

based on different responses at lower levels of
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organization. For instance, two organisms that differ

in mitochondrial respiration rate might achieve the

same whole-organism metabolic rate through varying

mitochondrial densities. The OD metric described

here provides a simple way to quantify differences

in thermal responses among organizational levels and

we suggest future studies make use of it to further

explore the results described here. The biological

consequences of OD may also be an arena for future

work. Based on the range of OD values observed

here, we suggest that absolute values greater than

0.1 be classified as “high” (likely indicating crossing

reaction norms), absolute values of �0.05 to be clas-

sified as “moderate,” and absolute values <0.01 to be

classified as “low” levels of OD.

Contrary to our expectations, OD was driven on

average by greater relative rate increases at higher

levels of organization. Assuming selection acts more

strongly on organismal phenotypes such as metabolic

rate, we expected whole animal metabolic rates to

remain fairly constant with temperature compared

to thermal responses at other levels. Both

experimental limitations (discussed in the next sec-

tion) and biology may explain this finding. Higher

levels of organization would be expected to increase

to a lesser degree based on the hypothesis of OCLTT,

as increasing complexity constrains rates through

processes not operating at lower levels (Pörtner

2010; Pörtner et al. 2017). However, in our dataset

all measurements reflect acute temperature effects,

also known as “passive plasticity” (Ghalambor

et al. 2007; Kingsolver 2009; Schulte et al. 2011;

Havird et al. 2020). If organisms had been accli-

mated to each temperature before being tested,

whole organism rates may have increased less steeply

due to acclimation, a form of “active plasticity”

which involves physiological and transcriptional

changes. Acclimation can occur at all levels of orga-

nization, but the capacity for acclimation should be

greater at higher levels with more complex thermal

responses (Burnell et al. 1991; Fangue et al. 2009).

Similarly, rapid thermal transfers may cause a stress

response resulting in highly elevated rates, which is

more likely to manifest at higher compared to lower
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levels of organization (Havird et al. 2020). Although

acclimation and stress responses have not been ex-

plicitly tested across levels of biological organization,

their differential effects on these levels may explain

the unexpected results found here. For example, if

stress responses were common in whole organisms

and mitochondria, but relatively rare in enzymes,

then negative OD would be expected.

Moderators, including taxon, acclimation temper-

ature, and tissue, tended not to significantly predict

OD, as evidenced by generally low heterogeneity

among effects. One exception is enzyme identity,

where catalase had a thermal response that disagreed

significantly more with higher levels of organization

than other enzymes. Catalase acts to decompose the

reactive oxygen species hydrogen peroxide. While

logically linked to mitochondrial respiration and

metabolic rate, catalase is not found in the mito-

chondria of most cells (Bai et al. 1999; Bai and

Cederbaum 2001; Schriner et al. 2005). This is in

contrast to most of the other enzymes in our study,

which are found in the mitochondria or directly par-

ticipate in oxygen consumption (e.g., cytochrome c

oxidase). Therefore, enzymes other than catalase may

be more closely linked with, and show less OD with,

the processes at higher levels examined here. This

may also explain why the enzyme versus metabolic

rates comparison tended to show the highest level of

disagreement (although not statically different from

other comparisons): levels or processes that are fur-

ther removed may show more extreme disagreement

compared with tightly linked processes.

While taxonomic or phylogenetic effects of OD

likely exist, in our limited dataset they were largely

confounded with the study and were not detected.

The lack of an effect of acclimation temperature or

the difference between acclimation temperature and

lowest test temperature was particularly surprising,

as acclimation is known to affect the shapes of or-

ganismal TPCs (Havird et al. 2020). Test tempera-

ture did significantly influence OD, with higher

temperatures showing more OD. This may be be-

cause measurements at higher temperatures could

encompass stress or dysfunction at some levels of

organization, but not others. Many measurements

in our dataset also increased in variance with tem-

perature; higher temperatures may have caused more

variability, which might explain the greater OD ob-

served. Although we did find some evidence of pub-

lication bias in our dataset, we expect this is likely an

artifact because the publications themselves did not

address OD but were focused on thermal responses

in general.

Stereotypical TPCs are rare in empirical data

We found that the reaction norms of the three bio-

logical rate processes we examined only rarely

showed the predicted “peak” shape of a theoretical

TPC (Schulte et al. 2011), with only 12% of

responses fitting this shape. Rather, linear and expo-

nential responses to temperature together comprised

61% of the data. One reason may be that TPCs are

common but collected data may not sample the

“falling leg” of the TPC (Fig. 6, Supplementary

Figs. S3–S6; Dell et al. 2011). Supporting this, the

falling leg only consisted of one or two points when

“peak” shapes were apparent (e.g., Fig. 6E). This may

also explain why rates tended to increase more dra-

matically with temperatures at higher levels of orga-

nization: negative OD could be driven by observing

more of the falling legs at lower levels of organiza-

tion. Another possibility is that responses with fewer

numbers of data points may not have been easily

classified as “peak.” On average only four test tem-

peratures were used in our dataset, possibly failing to

capture the complete shape of a TPC. While more

points were used at higher levels of organization

(Supplementary Fig. S7), “typical” TPCs were rare

across all levels.

One potential explanation for the lack of a falling

leg in organismal-level responses is that enzymes and

mitochondria can be more easily assayed at subopti-

mal high temperatures. Animals often experience

mortality at the highest assay temperatures, and sev-

eral of our studies cited mortality as a reason for low

sample sizes or reducing the maximum test temper-

ature for this level (Fangue et al. 2009; Penney et al.

2014). However, we did not observe significantly

more instances of “peak” responses at lower levels

of biological organization, especially at the enzymatic

level. Therefore, the stereotypical idea of the TPC

may be a largely theoretical concept when it comes

to internal biological rates. Future studies should

employ more gradual temperature increases at higher

temperatures to limit mortality and sample the shape

of the curve just before organismal failure (although

confounding effects of acclimation may become

problematic). They could also make use of

Arrhenius break-point analysis (Sommer and

Pörtner 2002; Hansen et al. 2017) to determine

where the slope changes significantly and limit anal-

yses to the rising leg for these comparisons (Dell

et al. 2011).

The idea that peak rates of metabolism correspond

to optimal temperatures or increased performance is

controversial at best. While increased metabolic rates

in ectotherms may allow greater levels of activity for
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foraging and reproduction at lower temperatures

(Huey et al. 2012), they may also represent increased

costs associated with organismal maintenance

(Pörtner 2010). While organismal phenotypes such

as running speed or reproduction generally do follow

TPCs and peak values are easily interpreted as in-

creasing fitness (Schulte et al. 2011; Kellermann et al.

2019; Rezende and Bozinovic 2019), interpreting

peaks in metabolic rates across levels of organization

is less straightforward. A more insightful approach is

to apply a TPC framework to aerobic scope, where

maximal values may represent maximum energetic

capacity available for survival and reproduction

(Pörtner 2010; Pörtner et al. 2017; Gangloff and

Telemeco 2018).

If rates at higher levels of organization were de-

pendent upon pure thermo-kinetics at lower levels,

then Arrhenius-like exponential increases should be

by far the most common response. The preponder-

ance of linear relationships may indicate that due to

purely physiological limitation such as diffusion ca-

pabilities and compartmentalization, rates are con-

strained to increase more slowly (Clarke 2004;

Clarke and Fraser 2004; Pörtner 2010). It may also

indicate that acclimation can take place even at acute

time scales. Physiological acclimation, such as vaso-

dilation, changes in ventilation rate, and changes in

tissue activity, can occur almost instantly, while sig-

nificant transcriptional changes can occur within

30 min or less (e.g., Foster et al. 2015). Despite a

common conflation of performance and metabolism

in the literature, our results indicate that metabolic

rate does not typically display the expected shape of

a TPC. While performance metrics like aerobic scope

may depend upon metabolic rate at lower temper-

atures, at higher temperatures they may decline for

other reasons while metabolic rate is likely to still be

increasing. Moreover, metrics such as running or

swimming speed may depend on anaerobic respira-

tion and may be unlinked to mitochondrial respira-

tion or enzyme activities.

Future directions and importance in “genome to

phenome” studies

One of the most surprising results of our searches

was the general lack of studies where thermal

responses were measured across multiple levels of

organization. Many otherwise useful studies

(n¼ 103) measured responses at only a single level

of organization. Future studies should attempt to

measure multiple organizational phenotypes at the

same test temperatures to determine if the levels of

disagreement shown here are representative of wider

patterns, especially for marine invertebrates which

were underrepresented in our dataset. Other meta-

analyses of thermal responses across levels of organi-

zation have been performed, but did not control for

species identity, acclimation temperature, or labora-

tory conditions (Dell et al. 2011; Rezende and

Bozinovic 2019). One recent analysis of thermal

responses at different organizational levels suggested

that both lower-level subcellular processes and

higher-level oxygen transport processes contribute

to organismal thermal limits (Gangloff and

Telemeco 2018), although many predictions stem-

ming from these observations remain untested.

Thus, while broad ecological patterns in thermal

responses have been investigated, much remains to

be done to explicitly link a response at one level of

biological organization to another.

One consideration in genome to phenome studies

is which phenotypes are of the most interest. While

fitness is often the phenotype of most interest to evo-

lutionary biologists, it is difficult to measure.

Metabolic and other biological rates are often used

as proxies for fitness. For example, when evaluating

the responses of different populations or genotypes to

climate change, metabolic rates are often considered

(Cossins and Bowler 1987; Seebacher et al. 2015;

Payne and Smith 2017; Rohr et al. 2018). The finding

that thermal responses differ among levels of organi-

zation is important for theories that attempt to link

physiology to ecology in the context of climate change

(Brown et al. 2004; Pörtner 2010). This suggests

researchers should consider which phenotypes are of

interest in genome to phenome studies, as different

phenotypes may be influenced differently by temper-

ature and other environmental moderators.

Another consideration in genome to phenome

studies is which genotypes are of the most interest.

While most studies examine the effects of nuclear

genetic variation, variation in the smaller mitochon-

drial genome may be especially important for pre-

dicting biological rates such as those measured here.

Previous work has documented that different mito-

chondrial genotypes can interact with nuclear genetic

variation and the environment to result in different

phenotypes (i.e., G�G� E interactions; Mossman

et al. 2016; Camus et al. 2017; Mossman et al.

2017; Camus and Dowling 2018; Dobler et al.

2018). In our own dataset, one study examined

Drosophila simulans populations that varied specifi-

cally in mitotype (Pichaud et al. 2010). One mito-

type is distributed world-wide, while the other is

found only in east Africa (Ballard 2003), leading to

some speculation that the endemic mitotype may be

relatively compromised. However, we found no
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differences in OD between the two mitotypes. This

illustrates how OD itself may be a phenotype of

interest.

Explaining processes at higher levels of organiza-

tion in light of lower levels is one of the most im-

portant lines of inquiry in biology and is an essential

aspect of integrating from the genome to the phe-

nome. Here we show, controlling for many other

variables, that rate processes thought to be mecha-

nistically integrated from lower to higher levels of

organization respond to temperature differently.

Aspects of the genome interact with the environment

to create phenotypes that are manifested differently

at different levels of organization (Fig. 2). At the

level of the enzyme, relevant processes include not

only the effects of temperature on the enzyme itself,

but effects on chaperone proteins and proteases. The

regulation and expression of these proteins are also

impacted by temperature, an effect that is absent

from the studies of isolated proteins in our dataset.

At the level of the mitochondria even more effects

are present, such as the impact of temperature on

membrane condition, oxygen availability, and sub-

strate concentration. There are also a great number

of interacting parts in mitochondria (as mitochon-

dria were once free-living organisms), including gene

products from both the mitochondrial and nuclear

genome. Finally, at the level of the organism, all

effects at lower levels are present, as well as higher

order effects such as blood-oxygen affinity, ventila-

tion rate, temperature-sensing, and behavioral ther-

mal responses. Examining whether selection acts

differentially across these different levels should be

a goal of future studies. For example, our dataset

could be used to examine variance in rates at given

temperatures across biological levels to evaluate the

prediction that higher levels would show less vari-

ance owing to stronger selection. Studies like ours

are important for clarifying the relationship between

phenotypes across biological levels to begin to un-

derstand mechanisms of integration, common un-

derlying genes, and phenomena that are relevant

only at certain scales of organization.
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Pörtner HO. 2002. Climate variations and the physiological

basis of temperature dependent biogeography: systemic to

molecular hierarchy of thermal tolerance in animals. Comp

Biochem Physiol A Mol Integr Physiol 132:739–61.
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Schröer M, Saphorster J, Bock C, Pörtner HO. 2011. Oxygen
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