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In an article examining the physiology of Early Jurassicmammaliaform
stem-mammals, we used proxies for basal and maximum metabolic
rate, providing evidence that two key fossil mammaliaforms had
metabolic rates closer to modern reptiles than modern mammals1.
Meiri and Levin2 questioned the use of our proxy for basal metabolic
rate – terrestrial species maximum lifespan in the wild. Here, we
explore the evidence behind these differences in viewpoint, and rebut
specific points raised by these authors.

The principal point of contradiction between our interpretation
of early mammaliaform physiology1 and Meiri and Levin2 is based on
conflicting results for the physiologies of extant mammals between
our study1 and that of Stark et al.3 We found a significant, negative
relationship betweenmaximumwild longevity andmass-specific basal
metabolic rate (BMR) among extant terrestrial mammals and non-
avian reptiles, using phylogenetic generalised least squares (PGLS)
regression analysis1. However, Stark et al.3 similarly analysed a large
sample of extant tetrapods and suggested that BMRdoes not correlate
with longevity, across either all tetrapods, or within the amphibian,
reptile, bird, and mammal clades. Meiri and Levin2 used these findings
to question our estimations of low BMRs compared to extant mam-
mals for the mammaliaforms Morganucodon and Kuehneotherium,
based on their long lifespans relative to their size.

Underlying reasons for conflicting results
We believe the reason for these conflicting results is the differing
treatment of extant animal data (body mass, lifespan, and BMR).
Specifically: a) Stark et al.3 include terrestrial, flying/gliding andmarine
taxa, whereas we include only terrestrial taxa; b) Stark et al.3 pool
captive and wild data whereas we analyse them separately and con-
centrate on wild extant data for comparison with our fossil mamma-
liaforms; and c) in some analyses, Stark et al.3 poolmammals and birds
into an ‘endothermic’ sample to be compared to a pooled ‘ectother-
mic’ sample (non-avian reptiles and amphibians), whereas we compare
only terrestrial mammals against non-avian reptiles. Our data treat-
ment was based on a) known exceptions to the relationship between
body mass, longevity and metabolic rates (MRs) for flying and marine
taxa (whose environments allow, or require, considerably lower or
higher body masses, respectively, than terrestrial taxa4–6); b) known
differences between maximum wild versus captive lifespans of verte-
brate taxa (Newham et al.1 and references therein,7); and c) con-
siderably different evolutionary histories, and resulting physiologies,
of individual clades beyond an endotherm/ectotherm dichotomy.

Both studies1,3 identify these factors, but deal with them differ-
ently. We1 limited our extant sample, comparing terrestrial fossil
mammaliaforms to terrestrial taxa and analysing wild/captive extant
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data separately,whereasStark et al.3 includeflying andmarine taxa and
pool wild and captive data. While they accounted for wild versus
captive lifespans as a predictor in a multivariate model including body
mass, sample size and “metabolic rate comparison” (a binary proxy
indicating endothermy versus ectothermy), they did not include these
factors when analysing BMR in PGLS regressions between longevity,
body mass and BMR (Stark et al.3 Table 1). Although they reported
nonsignificant differences betweenwild and captivemammal lifespans
(though their reported p =0.04 (Stark et al.3 Appendix S3) would seem
to indicate significance), we do not consider this a fair test. Wild and
captive data for the same taxa are not compared, and wild/captive
sample sizes are highly variable between and within the groups
considered.

Data reanalysis
To test thesemethodological differences, we reanalysedmammal data
fromStark et al.3 In contrast to the nonsignificant correlations between
longevity and a combined PGLS model of BMR and body mass found
by Stark et al.3 for their full mammal dataset (n = 405 including flying/
gliding and marine taxa; p =0.23), we find significant correlations for
both their wild mammal sample (n = 114, p = 0.0056) and their terres-
trial wild mammal sample (n = 18; p = 0.0034) when using their PGLS
model (Supplementary Data 1-4). We further applied this model to our
data for wild terrestrial mammals1 to account for the effect of body
mass on the relationship between lifespan and BMR more stringently,
as suggested by Meiri & Levin2, and also find a significant longevity:
BMR correlation (n = 117; p <0.0043, Supplementary Data 5-6). PGLS
modelling of the data of Stark et al.3 with wild versus captive origin,
logged body mass, and logged BMR regressed against logged max-
imum lifespan, shows taxa with wild lifespan data have significantly
longer lifespans than captive taxa (n = 1062, p =0.0106), the opposite
finding to previous studies1,7 (Supplementary Data 7-8). We consider
this to be due to the dominance of long-lived marine mammals and
bats in their wild sample3. Jointly, these results highlight the effects of
pooling taxa with disparate ecologies and known physiological
extremes4–6, and not accounting correctly for wild versus captive
lifespans7. Comparison of Akaike information scores suggests that the
addition of an interaction term for eachmodel does not improve their
fit beyond the loss of explanatory power created by addition of
another explanatory variable, apart from the PGLS model including
data origin (significant effect of sample origin retained: p =0.0007)
(Supplementary Data 1-8).

Our finding that significant correlations exist between maximum
lifespanandBMRamongwild terrestrialmammals is upheld in the data

of both Newham et al.1 and Stark et al.3, regardless of PGLS method
used. We therefore consider it valid to use PGLS regression between
wild longevity and BMR to make our predictions of the physiological
status of early mammaliaforms. Their3 findings of non-significant dif-
ferences between lifespans of the pooled mammal/bird ‘endotherm’

grouping and amphibian/reptile ‘ectotherm’ grouping, but sig-
nificantly longer lifespans of non-avian reptiles than mammals, sup-
ports our suggestion that independent treatment of groups with
strongly divergent evolutionary, ecological, and physiological his-
tories, such as birds and bats, ismore informative thanbroad grouping
in such analyses8. Further, while body mass correlates more strongly
with both lifespan and BMR than either of the latter factors correlate
with eachother (as consistently reported formammals, birds, andnon-
avian reptiles9–11), this does not preclude the use of longevity data to
estimate BMR, provided sufficient control is placed on the sample
studied, the methodology, and the nature of the predictions.

Regardless of the causes of the relationship (see Box 1), a sig-
nificant PGLS regression between maximum wild lifespan and BMR in
extant terrestrial mammals, maximum wild lifespan and resting
metabolic rate in extant terrestrial non-avian reptiles (RMR; synon-
ymous with BMR inmammals), and significant separation between the
two regressions using phylogenetic ANCOVA, allowed us to con-
fidently predict BMR/RMR for our mammaliaforms using these
regressions1.

This relationship has been upheld here when directly employing
body mass in our PGLS model, as per Stark et al.3, as opposed to
regressingmass-specificBMR. The longevities estimated for both fossil
taxa are significantly higher than the wild lifespans of extant terrestrial
mammal of similar body mass in our data. Of the 36 mammal species
highlighted by Meiri & Levin2 in the data of Stark et al.3 with both
comparable size to themammaliaforms (10–33 g) and lifespans longer
than nine years1, 35 are bats, which we argue above should be treated
independently. The single terrestrial species (Calomyscus bailwardi,
9.4 years captive lifespan) has a considerably lower lifespan than our
estimated captive lifespans of 12.9 and 17.9 years for Kuehneotherium
and Morganucodon, respectively1. Given the strong evidence against
powered flight or marine ecologies in both fossil taxa, and the known
difference in wild and captive mammal lifespans1,7, the most parsi-
monious interpretation of their difference in longevities from living
terrestrial mammals is a different BMR.

Summary
In conclusion, our analyses show that the exclusion of captive data,
marine mammal, flying/gliding mammal and bird data from our study

BOX 1

Mechanistic hypotheses for the lifespan/BMR relationship
Rather than the ‘rate-of-living’ theory of ageing, we consider the
‘membrane pacemaker hypothesis’ of Hulbert et al.9 to be a likely
causal explanation for correlations between BMR and longevity.
This was developed to overcome the “number of problems asso-
ciated with presuming a linkage between rate-of-living and max-
imum lifespan potential” which Hulbert et al.9 identified. Their
hypothesis is based on finding a direct causal mechanism
between metabolic rate (MR) and the proportion of lipid unsa-
turation within cell membranes, with higher proportions of unsa-
turation leading to higher rates of oxidative cellular damage,
increased MRs, and decreased longevity. Membranes of larger
animals are less susceptible to lipid unsaturation than smaller taxa
in the same class, correlating with decreased mass-specific MRs
and higher longevity9,13. Significant differences in membrane

composition also correlate with the exceptionally long lifespans of
several mammal clades, especially bats6.
When providing their reasoning for the long lifespans of our

mammaliaform taxa, Meiri and Levin2 suggest that both the exceptional
lifespans of bats and early mammaliaforms are predominantly due to
reducedpredation. Reducedpredation is not the only parameter leading
to increased longevity in flying vertebrates – in bats this can also reflect
reduced rates of cellular damage6. We agree with Meiri & Levin2 that
predation mortality rates ofMorganucodon and Kuehneotherium are
currently unknown, but it does not necessarily follow that these were
lower than modern rates. A variety of carnivorous lepidosaurs and
archosaurs lived coevally withMorganucodon and Kuehneotherium14, as
well as a considerably larger morganucodontid mammaliaform15 which
from tooth shape and size was likely carnivorous16.
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of longevity in early terrestrial mammaliaforms is justified, and likely
the key reason for the differences in the relationship betweenBMRand
longevity between our study1 and those cited by Meiri & Levin2,3. We
also note that both studies, despite different datasets and methodol-
ogies, show that reptiles live longer than mammals, when body size is
accounted for. We argue that this result, the significant PGLS regres-
sions found between maximum wild lifespan and BMR/SMR in extant
terrestrial mammals and non-avian reptiles, and the results of MMR
estimation from femoral blood flow1, provide valid tools for estimating
metabolic rates in terrestrial mammaliaforms (Box 2). We emphasize
that our methodology and data were chosen to provide a biologically
meaningful framework for our specific question.Weconfirm that these
methods are valid and support our conclusion that the fossil mam-
maliaforms Morganucodon and Kuehneotherium had both basal and
maximal metabolic rates outside the range of modern mammals, and
that fullmodernmammalian endothermyhad yet to evolve in the Early
Jurassic1,12.

Methods
All physiological data (maximum lifespan, data origin, mean body
mass, basalmetabolic rate) used for analyses originate fromsamples of
extant mammals in the published datasets of Stark et al.3 and Newham
et al.1 Phylogenetic generalised least squares regression analysis
(PGLS)wasperformed in the “R” statistical environmentwith the “ape”,
“nlme”, “geiger”, “ggpubr”, “lmtest”, “phytools”, “plyr”, “car”, “fmsb”,
“FSA”, “ggplot2”, and “caper” packages installed. Phylogenetic data
was provided by G. Stark, which was then imported into two PGLS
modelling techniques used to inform least squares regression between
multiple factors with phylogenetic data. The first technique input
phylogenetic and physiological data into the “corPagel” covariance

structure for the “gls()” function to producephylogenetically informed
regression models between physiological metrics1. The second tech-
nique, following the methodology outlined in Appendix S4 of Stark
et al.3, input phylogenetic and physiological data into the “pgls()”
function with the lambda variable set to “ML” to optimise branch
length transformations. Each model was analysed both with and
without an interaction term, and the effect of the interaction term
assessed by comparing the Akaike InformationCriterion (AIC) score of
each model.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
Physiological and phylogenetic data reanalysed from Newham et al.1

are from online databases of the Max Planck Institute (https://www.
demogr.mpg.de/longevityrecords/0203.htm), an online Ecological
Archives database (http://www.esapubs.org/archive/ecol/E084/094/
metadata.htm), the AnAge database (https://genomics.senescence.
info/species/), the VertLife online project (https://vertlife.org) and the
literature (references in Supplementary Data 3 of Newham et al.1) and
were provided in Supplementary Tables, as Supplementary Data files,
and as a part of the Source data provided with Newham et al.1 Phy-
siological and phylogenetic data reanalysed from Stark et al.3 were
provided in Supporting Information Appendix S1 of Stark et al.3
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