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Comparative studies of aging are often difficult to interpret because of the different factors that
tend to correlate with longevity. We used the AnAge database to study these factors, particularly
metabolism and developmental schedules, previously associated with longevity in vertebrate
species. Our results show that, after correcting for body mass and phylogeny, basal metabolic rate
does not correlate with longevity in eutherians or birds, although it negatively correlates with
marsupial longevity and time to maturity. We confirm the idea that age at maturity is typically
proportional to adult life span, and show that mammals that live longer for their body size, such
as bats and primates, also tend to have a longer developmental time for their body size. Lastly,
postnatal growth rates were negatively correlated with adult life span in mammals but not in
birds. Our work provides a detailed view of factors related to species longevity with implications
for how comparative studies of aging are interpreted.

NE of the major questions in gerontology is why

similar species, such as mammals and primates, age at
such markedly different paces. Identifying the genetic
mechanisms that regulate the pace of aging across species
is a top priority in gerontology with possibly many
biomedical applications (1-3). Despite their great potential
as a tool for gerontological research, however, comparative
studies of aging are still riddled by a few methodological
problems. At present, there is no accurate method to
determine rate of aging for a given species, and so
longevity—which, unless otherwise stated, herein refers to
maximum longevity (fmax), also called maximum life span—
is usually used as an approximation (3). Indeed, numerous
experiments have been carried out attempting to correlate
some parameter under study with the longevity of different
species (4), yet the use of simple correlations between some
factor and t,,,,, although potentially informative, may lead
to further problems (5). Particularly, comparative studies of
aging are often difficult to interpret and may even be biased
because of the different factors, which may or may not be
related to aging, that tend to correlate with longevity. In this
work, we took advantage of AnAge, an online database with
over 3000 animal species designed for the comparative
biology of aging (6), to analyze in unprecedented detail the
nonmechanistic factors that correlate with longevity in
vertebrates.

Factors correlating with maximum and average longevity
have been studied before, particularly in life history theory
(7,8). One such factor is adult body size—here represented
by body mass (M), a standard measure of body size—with
larger animals living, on average, longer than smaller ones
(7,9-11). Biological scaling can be described by the well-
established allometric equation (9,10): Y = aM?”, where Y is

some biological variable, a is a constant representing the
proportionality coefficient, and b is the scaling exponent.
Due to its association with longevity, M is a potentially
confounding factor in comparative studies of aging that
must be taken into consideration (11). In addition, animals
that do not fit the allometry of life span may hold clues
about the evolutionary forces shaping longevity and aging.
Therefore, in this work we first evaluated allometric scaling
in respect to t,,,. as well as in respect to the other factors
under study: metabolic rates and developmental schedules.

Faster metabolic rates have for a long time been
implicated with a faster biochemical activity and a faster
aging process (12,13), but results so far have been mixed
(5,14-16). Bats and marsupials, for instance, have been
shown to be exceptions of this “‘rate of living theory’” (17).
Nonetheless, it has been argued that these exceptions do not
disprove the overall trends of that theory (18). Indeed,
metabolic rates are still considered by many authors as
a possible factor influencing longevity and aging and one
that researchers must consider when designing and inter-
preting comparative studies of aging (1,19-21).

In contrast, life history traits, such as developmental
schedules and life span, have been shown to be associated
with one another in a ‘‘fast-slow continuum’’ (7,8,15). In
mammals, maximum adult life span has been shown to
correlate with age at maturity (22), and growth rates have
been negatively correlated with demographic aging rates
(23). These associations could potentially bias comparative
studies of aging. For example, cellular processes may be
associated with growth rates (24), which (if not taken into
consideration in comparative studies of aging) may lead to
incorrect interpretations by assuming a false association of
experimental results with aging.
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Herein, we wanted to determine the relationship between
metabolic rate, developmental schedules—namely, time to
maturity (¢, see Method section) and postnatal growth rate
(K)—and longevity. The methods used in creating AnAge
have resulted in what is arguably the most complete and
accurate data set of longevity in, at least, mammals (6). Our
goal then was to obtain the most precise evaluation to date
of nonmechanistic factors associated with longevity that are
relevant for designing and interpreting comparative studies
of aging and for understanding the evolution of longevity.
We were careful in our data selection and, unlike many
previous such studies, we used modern statistical methods
that correct for the effects of body size and phylogeny (5).
By performing phylogenetically controlled tests that also
statistically control for body size (15), we wanted to test
previous reports—which did not consider phylogeny in their
statistical analyses—of correlations between longevity and
both metabolic rates (16) and developmental time (22).
Because humans are mammals, special emphasis was given
to this class, although birds were also studied.

METHODS

Estimation of Aging Rates

The main variable under study was maximum longevity
(tay) estimated from longevity records obtained, like all
data used in this work, from AnAge build 9 (6). From
a comparative viewpoint, differences in ,,,, are, under ideal
circumstances, proportional to genetic limitations on
longevity among species, and t,,, has been argued by
many to be related to a species’ rate of physiological aging
(25-28). Albeit not perfect, 7,,. is probably the best
available estimator of a species’ aging rate (3). There are,
nonetheless, limitations in the use of t,,,, as a measure of
aging (11,29): For example, 1, is unlikely to have been
shaped by natural selection, it can be influenced by mortality
rates that are independent of aging-related mortality, and
most of all it is affected by sample size (7). Some studies
have estimated the numeric impact of n on #t,, to be
In[In(n)], and hence small when compared to the impact of
aging-related mortality on 7,,,, (26,27). These predictions,
however, are based on the Gompertz mortality model that
assumes accelerating mortality rates with age, which is not
true for many species in which mortality rate accelerations
slow extensively at later ages, thus resulting in a bigger
effect of population size on #,,,, than predicted from the
Gompertz model (11,27). Therefore, we cannot discard an
effect of population size on record longevity, although as
detailed below we tried to minimize this potential source of
error.

The longevity records present in AnAge were obtained
from a variety of sources (30-33), which include the recent
compilation by Richard Weigl of longevity records of
mammals in captivity; this compilation extends the previous
work of longevity expert Marvin Jones, and is arguably the
most comprehensive data set on mammalian longevity in
captivity (34). AnAge also includes the data set compiled by
Steven Austad, which includes personal correspondence
with zoo personnel, field biologists, and veterinarians (17).

One potential problem is that longevity records obtained
in captivity are expected to be higher (17). Indeed, using
previously published data sets (33), birds and mammals in
captivity outlived animals in the wild: Mammals in captivity
(n = 219) lived 9.54 = 39.8% years (standard deviation)
longer, whereas birds in captivity (n = 49) lived 27.5 =
54.6% years longer. Consequently, in the case of mammals,
the large majority of longevity records used in this work was
derived from captive specimens. Only exceptional cases of
longevity records obtained in the wild were considered.
Most notably, many longevity records for bats (order:
Chiroptera) come from banding studies. Given the long
longevity of bats when compared to size-equivalent
mammals (17), data from bats represent an important source
of information, and eliminating it would limit our analysis.
In contrast, cetaceans (order: Cetacea) were excluded from
our analysis because most of their longevity records were
obtained from studies in the wild often using indirect
methods. For birds, however, the data set contains many
longevity records from studies and observations in the wild.
Obviously, when more than one longevity record was
available, the highest value was used to estimate f,,,,.

Each longevity record was verified to come from credible
sources. If evidence of inadequate husbandry exists for
a given species, such as the inability to breed or indications
of high mortality in captivity, longevity records were
normally excluded—with the exception of bats and birds,
as mentioned above. For each species, estimates of the
number of captive specimens and whether these breed in
captivity were obtained from the literature and from the
International Species Information System (ISIS) (http://
www.isis.org/). Longevity records based on single or a few
animals were normally excluded from our data set (6).
Nevertheless, some longevity records might reflect small
sample sizes or recent additions to zoo collections. Other
sources of bias (such as a bias in captivity towards
inexpensive animals) that could not be systematically
avoided were ignored (17).

In addition to ¢,,,,, other estimates of aging rates include
demographic measurements of aging, such as the mortality
rate doubling time (MRDT). Like #,,,., MRDT values are
not perfect measurements of the pace of aging at
a physiological level but have been argued to be more
accurate than t,,,, (4,11,28). Although the debate regarding
which parameter, #,,,, or MRDT, is a better measurement of
physiological aging rates has not been settled (3), MRDT
values were used to provide an additional measurement of
aging rates and to further strengthen our analyses.

Data Selection Criteria for Additional Life
History Variables

The other life history traits used in this work, such as
adult body mass, gestation or incubation time, and age at
sexual maturity, represent averages or typical values.
Particularly for adult body mass, which varies considerably
between individuals of the same species, notably in sexually
dimorphic species, values are expected to serve as a basis
for inter-species comparisons even if they fail to capture
intra-species diversity. If values differed between males and
females or if a range of values was available, the arithmetic
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mean was calculated. In case both were available, field data
took priority over zoo data (17). t,,, was defined as the time
from conception to sexual maturity, and so gestation or
incubation time was taken into account (4): t,, = age at
sexual maturity + (gestation or incubation). Gestational
diapause was excluded in estimates of gestation. Although
an overlap between age at sexual maturity and age at first
reproduction is frequently witnessed, age at sexual maturity
was preferred because our work mostly focused on the
physiological aspects of reproduction rather than its
ecological implications. Adult life span was defined as the
maximum length of time animals of a given species can
survive after maturity: Adult life span =1,,,, — age at sexual
maturity. Life history traits were derived from standard
sources (30,31,35,36).

Values of postnatal growth rate (K) appropriate for
a comparative analysis were primarily obtained from the
work of Zullinger and colleagues (37) for mammals and
from Starck and Ricklefs (38) for birds. These estimates are
expressed in days~! and were calculated by fitting empirical
data taken from published growth curves to sigmoidal
growth functions (37,38). In addition, we included values
obtained from more recent references estimated using the
same method.

Data Selection Criteria for Estimating
Metabolic Intensity

Even though basal metabolic rate (BMR) is an artificial
trait animals rarely show under natural conditions, it remains
an established benchmark for comparing metabolic intensity
between species (16,39). Body mass and BMR pairs of
values were obtained from published data sets compiled
according to strict criteria (39—42). Pairs of values for BMR
and body mass were always obtained from the same source.
If more than one pair of values was available, the
logarithmic average was used. If discrepancies were noticed
between two or more pairs of values, then only the most
recent pair was used. For mammals, the compilation of
Savage and colleagues (42) was considered to be the
benchmark of BMR data. As argued before (39), we
excluded lineages for which the conditions required for
BMR measurement were suspected to be difficult or
impossible to achieve and could bias the results. The
lineages excluded were Artiodactyla, Macropodidae, Lago-
morpha, and Soricidae. The reasons for exclusion are
detailed elsewhere (39). Regarding birds, the data compi-
lation by McKechnie and Wolf (41), which is based on
earlier works (40,43), served as our benchmark. In contrast
to McKechnie and Wolf, but in agreement with Reynolds
and Lee (43), we included BMR estimates based on fewer
than three animals, provided that the conditions for the
measurement of BMR met the standards set by McKechnie
and Wolf (41). Several BMR estimates [including some of
the data points from Bennett and Harvey (40)] that did not
meet the standards set by McKechnie and Wolf (41), such as
BMR values estimated in the active phase of the daily cycle,
were not used in our analyses.

One major factor determining BMR is body temperature
(T). For mammals, we obtained previously published body
temperature values determined, like BMR, from animals

that were considered normothermic (39), and we included
body temperature in our analyses. To do this, we calculated
the difference between the body temperature of a given
mammalian species and the average body temperature of all
333 analyzed mammals (36.3 = 1.7°C): Tq = T — 36.3.
When analyzing a lower taxon, average body temperature
was calculated for the species within the lower taxon. In
addition to investigating a potential relationship between
body temperature and longevity, we also corrected the BMR
(cBMR) for body temperature using Q0 principles, as
detailed before (16,39), and determined whether cBMR in
mammals was related to longevity.

The entire data set used in this work, as well as the
complete list of references, is available on the AnAge Web
site (http://genomics.senescence.info/species/).

Statistical Analyses

The independent contrasts method was used to eliminate
phylogenetic effects (44). Phylogenetic independent con-
trasts were calculated using the PDAP module for Mesquite
version 1.07 (45) and Mesquite version 1.06 (46).
Phylogenetic relationships were taken from the Tree of Life
Project (47) and various published sources (48,49). All
branch lengths were assumed to be equal. Polytomies were
arbitrarily resolved to give only one contrast. Although the
exact phylogeny of many taxa remains under debate, we
doubt that an improved phylogeny will dramatically alter
our results and conclusions. To assure that contrasts were
properly standardized, we verified that the absolute values
of the standardized contrasts did not vary in relation to their
standard deviations, as described (50). Except Ty, because
its values can be negative, data were In-transformed before
being analyzed. All correlations were forced through the
origin (50).

In addition to using individual species, we used the
independent contrasts method using data for at least three
species as terminal taxa. Estimating an average value for
a higher taxonomic level reduces degrees of freedom and
addresses the nonindependence problem present in non-
phylogenetically informed analyses (15,39,51). It also
minimizes problems that could be present in some of our
data points, such as the aforementioned impact of popu-
lation size on t,,,,, approximations when calculating body
mass, or unreliable phylogenies in lower taxa.

Being y any allometric parameter such as BMR, ,,,,.., £s¢., OT
k, we used least-squares regression as the basis for calculating
the parameters residuals (51) The use of regression analysis is
necessary to eliminate the confounding effect of M on a given
parameter Y (52). When studying a given variable within
a given taxon, the least-squares regression coefficients were
estimated and used to calculate residuals for each species of
the taxon being analyzed. In analyses across taxa, regression
coefficients were estimated for a higher taxonomic level and
were then used to correct M in each of the taxa at the
taxonomic level being analyzed. This procedure eliminated
the confounding effects of body size (52).

A double-tailed ¢ test was used to calculate the p values.
To determine whether the scaling exponent b was different
between two cohorts, we compared the slopes of the linear
regression curves using In-transformed values and a “‘dum-



152 DE MAGALHAES ET AL.

my variables’’ test (28). We used the SPSS package version
11.5 (SPSS Inc., Chicago, IL) to assist us in the statistical
analyses.

RESULTS

Allometric Scaling of Life History Traits
and Metabolic Rates

Many others have studied the relationship between body
mass and variables such as longevity, metabolism, and
development (7-11,16). Nonetheless, an analysis of allo-
metric scaling is necessary in this work. We require precise
knowledge of the allometric parameters obtained from our
more recent and larger data set so that we can adequately
normalize the effect of body mass with respect to the
variables under study (11).

Data from 1456 mammals, birds, amphibians, and reptiles
were used to estimate the logarithmic relation between M
and #,,,,. Fishes were not studied in this work. Even though
their maximum longevity also appears to correlate with
adult body size (not shown), we lacked accurate data
regarding the metabolism and life history of fishes, and #,,,,
data for fishes come primarily from estimates obtained from
animals in the wild. By using all data points from
mammals—including cetaceans—birds, amphibians, and
reptiles, we found that body mass explained 63% of the
variation in ¢,,,, (Figure 1A).

To estimate the mammalian allometric equation and the
regression coefficients, we excluded cetaceans (see Method
section). Body mass explained 66% of t,,,, variation among
mammals (n = 856), and the equation was t,,,, = 4.88M0-133
with ¢, in years and M in grams. Our results also suggest
that the relationship between body mass and longevity is
taxon-specific rather than widespread, which is consistent
with other works suggesting that » varies across mammalian
orders (8,11). Bats and primates, for instance, are above the
regression curve relating ¢,,,, to body weight; that is, they
live longer than expected for their body mass (Figure 1B), as
shown before (8,17).

Previously, no statistically significant relationship was
found between body size and longevity in bats, so these
were excluded from the mammalian regression analysis
(17). In our analysis of the allometry of longevity, bats (n =
73) were indeed the clearest outlier, and we observed no
correlation between In-transformed M and ¢, (p = .17). If
bats were excluded from the mammalian allometric
equation, body mass explained 76% of the variation in ¢,,,,
(Table 1). In recent years, however, it has been argued that
species values do not represent statistically independent
data, which can bias statistical analyses (1,51). To address
this problem, we used phylogenetically independent con-
trasts throughout this work (see Method section). Using
contrasts and In-transformed values, we found that M
significantly correlates with t,,,, in bats (> = 0.14 and p =
.001); this finding suggests that the evolution of body size in
bats is indeed associated with the evolution of longevity,
and demonstrates how different results can be obtained by
statistically considering the effects of phylogeny. Therefore,
we decided to include bats in our regression analysis
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Figure 1. Plot of the In-transformed relationship between body mass (M) and
maximum longevity (#,,,) across vertebrates. A, Gray circles: all mammal, bird,
reptile, and amphibian species in AnAge (n = 1456). B, Gray line: avian
regression curve; black line: mammalian regression curve minus bats and
cetaceans. Closed circles: primates (n = 137); gray squares: bats (n = 73), the
two longest-lived mammalian orders for their body size.

because we wanted it to be as representative of the diversity
of mammals as possible. We used a Loess plot to confirm
that the data were approximately linear across the spectrum
of M even when bats were included (not shown).

In the case of birds (n = 518), body mass explained 70%
of the variation in t,,,, and the allometric equation was
bonae = 5.22M9218 (¢, in years and M in grams). It has been
argued that passerines (order: Passeriformes) follow differ-
ent scaling laws with regard to longevity than do other birds
(10), and our results support the idea that b is different in
passerines: p =.008 using data from 198 passerines (Table
1). The longevity of passerines is on average 52% shorter
than that of nonpasserines, but passerines also weigh 95%
less. Still, after correcting for body mass, passerines appear
to have a shorter longevity than nonpasserines (p = .014).
Following the same criteria used for mammals, however, we
included all birds in our regression analysis. In amphibians
(n=17), M and t,,, did not appear to correlate (p = .24
using In-transformed phylogenetic independent contrasts),
and in reptiles (n = 30), body mass explained only 59% of
the variation in #,,, (Table 1). Further data are likely
necessary concerning these classes, and they were not
studied in relation to metabolism or developmental
schedules in this work.

Interestingly, MRDT correlated weakly with M (2 =
0.14) using data from mammals, birds, and reptiles (n = 20).
In contrast, MRDT correlated strongly with ¢, after
In-transformation: 72 = 0.73 and n = 26, confirming the idea
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Table 1. Allometric Scaling in Relation to Body Mass (Expressed in
Grams) of the Major Variables Under Study in This Work Estimated
by Regression Analysis

Variable
(Units) Group N 2 b a
tax (Y) Mammals, birds, reptiles, 1456 0.40 0.139 6.32
and amphibians
tax (Y) Mammals minus cetaceans 856 0.43 0.153  4.88
tax (Y) Mammals minus cetaceans 783 0.57 0.193 334
and bats
nax (Y) Bats 73 0.027 0.050 13.7
tax (Y) Primates 137 0.57 0.189 647
nax (Y) Birds 518 0.49 0.218 5.22
tax (¥) Passerines 198 0.32 0.274  4.18
tax (Y) Nonpasserines 320 0.26 0.174  7.02
tnax (Y) Reptiles 30 0.35 0.137 104
tax (Y) Amphibians 17 0.046  0.069 15.0
MRDT (y) Mammals, birds, and reptiles 20 0.14 0.116 1.42
Adult life Mammals minus cetaceans 606 0.49 0.162 4.11
span (y)
Adult life Birds 69 0.31 0.181 6.64
span (y)
BMR (W) Mammals minus cetaceans 300 0.95 0.713  0.0190
and dubious taxa
(see Methods section)
BMR (W) Birds 167 0.97 0.652  0.0427
¢cBMR (W) Mammals minus cetaceans 247 0.97 0.696  0.0208
and dubious taxa
(see Methods section)
T4 (K) Mammals minus cetaceans 333 0.020 0.100  0.552
toex (¥) Mammals minus cetaceans 606 0.50 0.214  0.263
toer (Y) Birds 69 0.41 0.303 0.214
K@ Mammals minus cetaceans 204 0.67 —0.297 0.126
K (@™ Birds 208 0.67 —0.321 1.10

Note: t,,,. = maximum longevity; MRDT = mortality rate doubling time;
BMR = basal metabolic rate; cBMR = temperature-corrected BMR; T4 = dif-
ference between the body temperature of a given species and the overall average
for all studied mammals; 7,,, = time to maturity; K = postnatal growth rate.

that maximum longevity and demographic measurements of
aging are strongly associated (25,27) [as shown before in
rodent cohorts (28)] and supporting the notion that ¢,,,, is an
adequate measure of aging. Another measure of aging,
maximum adult life span (see Method section), was found to
correlate with M in mammals (n = 606) according to the
equation: adult life span =4.11M°162_ which, as expected, is
similar to that of 1,,,,.

Different factors influence BMR, but the effect of body
mass is clear (39,53). In this work, we wanted to study the
relationship between BMR and #,,,, independent of body
mass. We used BMR data from 300 mammals and 167 birds
to determine the allometry of BMR so that we could later
eliminate the influence of M on BMR. Using In-transformed
values, we calculated the linear regression equations for
mammals [In(BMR) = 0.713In(M) — 3.96 with 7> = 0.95,
and birds: In(BMR) = 0.652In(M) — 3.15 with 72 = 0.97];
these findings are in accordance with previous results
(39,53). Allometric exponents varied slightly across orders
of the same class (not shown), once again in line with
previous results (39). For cBMR, the equation using data
from 247 mammals and In-transformed values was:
In(cBMR) = 0.696In(M) — 3.87, with r~ = 0.97.

Previously, body temperature was shown to slightly cor-

relate with body size in mammals (39). We calculated Ty, the
difference between the body temperature for a given species
and the overall average for the 333 studied mammals (see
Method section). Although we had to use In[In(M)] to obtain
properly standardized phylogenetic independent contrasts,
we found no significant correlation between Ty and In[In(M)]
(p = .42). Body temperature was not studied in birds.

Bigger animals take longer, on average, to reach adult-
hood (7,8), and we calculated the relationship between body
mass and f,. The regression analysis equation using In-
transformed values for mammals (n = 606) was In(t,,,) =
0.214In(M) — 1.34 with ¢, in years and M in grams (7~ =
0.50), in line with results using similar parameters (7). It is
also expected that small animals grow quicker than larger
ones do (37). For postnatal growth rate (K), the equation
for mammals (n = 204) using In-transformed values was:
In(K) =—0.297In(M) — 2.07, with K expressed in days~' and
M in grams; in birds (n = 208) the equation was: In(K) =
—0.321In(M) + 0.094.

The results from our analysis of the logarithmic relation-
ship between the variables under study in this work and M,
as well as the regression coefficients, are recapped in Table
1. They are mostly confirmatory of previous reports but are
essential to obtain residuals that normalize the effect of body
mass on the different variables under study herein. If lower
taxa were being analyzed or if it became necessary to
exclude a lower taxon from a given class, then new
equations were calculated.

Metabolic Rate, Temperature, and Longevity

The well-established influence of body mass on metab-
olism must be statistically eliminated so we can focus solely
on the relationship between metabolism and longevity, yet
normalizing the effects of body mass on metabolism has
been a source of controversy. Because BMR varies
allometrically with M, we corrected for M based on our
analysis of covariance, as argued by others (52), and by
calculating the residual to the fitted relationship between
mass and metabolism, as detailed before (54). Values were
In-transformed before calculations. Our results show that
residual BMR does not correlate with longevity across
mammals (Figure 2A) or birds (Figure 2B). In other words,
animals with a lower BMR for their body size do not tend to
live longer and vice versa.

As mentioned above, a potential bias due to phylogeny
is possible. Using phylogenetic independent contrasts, there
was no significant correlation between BMR residuals and
tmar I mammals (p = .68 with n = 300). These results
suggest that the evolution of a high mass-optimized BMR in
mammals does not tend to be associated with the evolution
of a shorter longevity and vice versa. Considering the
potential problems of estimating ¢,,,., however, contrasts
between similar species can be a source of error, and so we
used an additional set of contrasts based not on individual
species but in taxa with at least three species (see Method
section). Using this method and 36 terminal taxa, we found
no correlation between BMR residuals and #,,,, (p = .38).

In bird species (n = 167), there was no correlation between
BMR residuals and ¢, (p =.99). It must be noted, however,
that these results do not take into account the effects of
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phylogeny, because we could not properly standardize BMR
residuals and ¢,,,, contrasts in birds—that is, the absolute
values of the standardized contrasts showed a statistically
significant correlation with their standard deviations, even
though we tried different types of data transformation.

Another factor influencing BMR is body temperature (7).
As expected, for 247 mammalian species, BMR residuals
correlated with Ty (2 = 0.38). We found no statistical
evidence of a correlation between Ty and t,,,, contrasts in
271 mammals (p = .072, but see Discussion section). Even
so, we repeated our analysis of BMR residuals using data
corrected to a common body temperature (see Method
section). With cBMR data for 247 mammalian species, we
found no evidence of a relationship between cBMR
residuals and ¢,,,, (not shown).

Allometry of life-span exceptions do not appear to be
explained by a lower metabolism, in line with previous
results (17). Birds tend to live longer than size-equivalent
mammals (Figure 1B) but have a higher body temperature
and BMR (16). Among birds, whether passerines have
higher metabolic rates remains a subject of debate that
mostly depends on the criteria used for measuring BMR.
According to the most stringent, and likely more accurate,
criteria of McKechnie and Wolf (41), there is no difference
in BMR between passerine and nonpasserine birds after
correcting for body mass, thus differences in longevity
between passerines and nonpasserines are unlikely to be due
to differences in metabolic rates. Similarly, in mammals, our
results do not suggest that primates or bats have lower
metabolic rates than predicted for their body size. They do
confirm previous results that marsupials have a lower
BMR—about 17%—than predicted for their body size while
having a longevity, on average, about 40% shorter than
predicted for their body size. Monotremes may live longer
than expected for their body size and have a lower BMR for
their body mass, but with n = 3 this observation remains
open to debate.

Contrasts of BMR residuals and ¢,,,, residuals did not
correlate in mammals (p = .35) or in the 36 mammalian
terminal taxa with at least three data points (p =.72). Again
we could not properly standardize the bird contrasts; without
considering the effects of phylogeny, we found no evidence
of a correlation between BMR residuals and #,,,, residuals in
birds (p = .99). Previously, a relationship between mass-
independent BMR and ¢,,,, was reported in some mamma-
lian orders such as rodents, carnivores, and marsupial orders
(16). Within marsupial orders we did not find any significant
correlation between BMR residuals and #,,,, residuals (not
shown). When considering all marsupials (n =47), however,
the negative correlation between BMR residuals and 7,
residuals (7> = 0.096) was statistically significant at the .05
level using phylogenetic independent contrasts (p = .021).
This correlation could be due to the impact of body
temperature on BMR, because we found no evidence of
a correlation between cBMR residuals and ¢,,,, residuals in
marsupials (p = .60 with n =42), despite failing to find any
significant evidence of a correlation between T4 and ¢,,,,, (or
tmax Tesiduals) in marsupials (not shown). In eutherians (n =
250), we found no correlation between BMR residuals and
tmax Tesiduals after considering the effects of phylogeny (p =

A
51 .
4 4
3 4
24
— 1 b
0
@
1] 0 T T T T T 1
>
sl 1.5 -1 -0.5 0 0.5 1 1.5
3
o
E 4.5 4
= L]
4 L]
c ] ®
g L e o %e
.3 [ ] 8, L
L] ° '.‘
34 e
8°o
2.5
2 ®
1.5
1
B o05-
0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8

Residual In (BMR) (W)

Figure 2. Ln-transformed relationship between basal metabolic rate (BMR)
residuals and maximum longevity (7,,,,) in mammals (A; n =300) and birds (B;
n = 167). Closed circles: individual mammalian species (A); gray circles:
individual bird species (B). Both correlations are not statistically significant,
even though they do not consider the effects of phylogeny.

.75). Likewise, we found no statistical evidence, after
eliminating the effects of phylogeny (but see Discussion
section), of a correlation between BMR residuals and #,,,,
residuals in any eutherian order, including rodents (p = .32;
n = 108) and carnivores (p = .083; n = 50). In eutherians,
analyses using cBMR residuals produced similar results—
that is, no evidence of a correlation with ¢,,,, residuals—to
those obtained with BMR residuals (not shown). Lastly, in
primates (n = 24), and using phylogenetic independent
contrasts, BMR residuals did not correlate with ¢, (p =
.95) or with ¢, residuals (p = .82).

Developmental Schedules and Longevity

We investigated the relationship between developmental
schedules, body mass, and longevity in 606 mammals and
69 birds. Longevity, of course, includes developmental
time, which can potentially bias our analysis. Therefore, we
used maximum adult life span, defined as ¢,,,, minus age at
sexual maturity (see Method section). Time to maturity ()
was deemed a good predictor of the timing of development
and was defined as gestation or incubation time plus age at
sexual maturity (see Method section). Overall, adult life
span correlated with 7., among mammals according to the
equation: Adult life span = 11.8¢,,,%-°%, with both adult life
span and f,, in years (Figure 3A). In birds, however, the
best fit model was a linear regression: Adult life span =
5.27t,, + 14.0, with ¢y, and adult life span in years. We
speculate the reason for this is that developmental time tends
to be longer in birds than in other classes and life history
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Figure 3. A, Relationship between In-transformed time to maturity (t,.,) and adult life span in mammals. Gray circles: individual species (n = 606). Correlation is
statistically significant, even though it does not consider the effects of phylogeny. B, Ln-transformed relationship between time to maturity residuals and adult life-span
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statistically significant. Terminal taxa contain data for at least three species.

Table 2. Mass-Optimized Time to Maturity and Postnatal Growth Rate for Different Mammalian Orders in Comparison With Mass-Optimized
Adult Life Span

Time to Maturity Versus Adult Life Span Growth Rate Versus Adult Life Span
No. of % Predicted % Predicted No. of % Predicted % Predicted
Order Species Time to Maturity Adult Life Span Species Growth Rate Adult Life Span
Eutherians
Artiodactyla 119 75% 80% 24 131% 77%
Carnivora 115 98% 107% 42 133% 107%
Chiroptera 25 238% 247% 13 108% 270%
Insectivora 19 86% 56% 13 160% 61%
Lagomorpha 7 52% 73% 4 162% 69%
Macroscelidea 4 52% 104% 1 ND ND
Perissodactyla 11 111% 97% 2 ND ND
Primates 98 231% 180% 20 33% 196%
Rodentia 126 64% 76% 58 94% 78%
Sirenia 3 132% 152% 1 ND ND
Xenarthra 11 99% 135% 4 105% 181%
Marsupials
Dasyuromorphia 21 136% 56% 1 ND ND
Didelphimorphia 4 57% 46% 1 ND ND
Diprotodontia 31 85% 91% 13 87% 96%
Peramelemorphia 4 36% 51% 3 85% 49%

Notes: Values represent the average residuals of the time to maturity, adult life span, and growth rate calculated from regression analysis and expressed as
a percentage of the expected value estimated from the allometric equation. Only orders with data for at least three species are displayed. Taxonomy was retrieved from
the Integrated Taxonomic Information System (ITIS) (http://www.itis.usda.gov).

ND = not determined.



156

5.0 -

A
T 4.0
@
&
—~ 3.0+

e
=9
= 2.0 4
5 >
,u S
@
- 1.0 4
£

0.0 r - r r \

-10 -8 -6 -4 -2
In (K) (1/days)

DE MAGALHAES ET AL.

.
£ b e o
ey = o
-l ) ) -

In (contrast of adult
lifespan) (years)
s & o
& M
I___I___i_’

(-]

In (contrast of K) (1/days)
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events occur within a smaller range—e.g., f,, and 7,
varied less in birds (not shown). It could also be that our
data set does not contain enough data points from birds or
that the large proportion of longevity records from wild
animals biases our calculations, and so we focused the rest
of our analyses of #,, on mammals. Nonetheless, it is
interesting to note that, for those 69 birds, #,, and adult
life span are, respectively, 47% and 84% longer than in
size-equivalent mammals—i.e., using the mammalian
regression curve.

The relationship between ¢, and adult life span in
mammals has been suggested by several earlier reports
(7,8,15,22). It can be argued, however, that such a relation-
ship is the result of a number of sources of bias not always
previously eliminated, such as body mass and particularly
phylogeny, and we investigated these concerns. Residuals
for ¢, correlated with adult life span residuals (Figure 3B).
Primates and bats, the two main exceptions to the allometry
of life span, were also the two orders with the longest mass-
optimized t,,.,, whereas, in contrast, marsupials and rodents
appear to have a shorter adult life span than expected for their
body size and a shorter developmental period for their body
size (Table 2). The only clear outliers were marsupial orders,
such as the Dasyuromorphia order, of which the Antechinus
genus is a member. This genus is unique among mammals in
featuring cases of semelparity and an aging phenotype unlike
any other mammal (4). Overall, these results indicate that,
independently of body size, developmental time is strongly
associated with maximum adult life span.

As in our previous analyses, we used phylogenetically
independent contrasts to minimize a potential overestima-
tion of degrees of freedom. A statistically significant corre-
lation was found between t,,, and adult life span contrasts:
12 =0.12 with p < .001. Although weaker (> = 0.034) the
correlation between f,,, residuals and adult life span
residuals using phylogenetic independent contrasts was
highly significant (p < .001). Given the potential problems
of estimating adult life span and ¢,,,, using as terminal taxa
three or more species seems particularly appropriate in this
case. Indeed, with 75 taxa, the correlation between t,,, and
adult life span contrasts was statistically significant (p <
.001) and more robust (+> = 0.53) than using individual
species (Figure 3C). The correlation between #,., and adult

life span contrasts was also strong (2> = 0.76) and highly
significant (p < .001) among 14 primate taxa (Figure 3D).
These results show that a longer development in mammals
and primates not only correlates with a longer adult life span
but the evolution of a longer development is associated with
the evolution of a longer adult life span. The relationship
also appears to be independent of body size. Using residuals
for adult life span and t,,,, the correlation of the contrasts
was weaker in mammal (> = 0.17) and primate (> = 0.43)
terminal taxa, but still statistically significant (respectively,
p < .001 and p =.014).

It can also be argued that ¢,,, and adult life span are
approximations of aging rates (11). Therefore, we used the
MRDT as an estimate of rate of aging, as described (4,28).
We found a strong correlation (> = 0.57) between In-
transformed MRDT and ¢, using phylogenetic independent
contrasts. Nonetheless, because n = 13, and even though the
correlation was statistically significant at the .01 level (p =
.003), these results cannot be considered as definitive.

We investigated the relationship between the rate of
postnatal growth (K) and adult life span. (Again, we pre-
ferred maximum adult life span to #,,,, to avoid any potential
bias from the association between K and developmental
time. For instance, there was a strong negative correlation
between t,,, and K in 204 mammals: 72 =0.58.) In mammals
(n =204), we found a robust negative correlation between
adult life span and K (Figure 4A). This correlation was
statistically significant using phylogenetic independent
contrasts: p < .001 with > =0.22. Likewise, In-transformed
MRDT and K contrasts correlated negatively and strongly
(2 =10.48), but with n =9 from only three orders, and even
though p = .037, this result must be interpreted with care.

As mentioned before, body size is a potentially con-
founding factor, and we investigated this possibility. K
residuals correlated with adult life-span residuals using
phylogenetic independent contrasts, though the correlation
was weak (72 = 0.050), even if statistically significant at the
.01 level (p = .001). Similarly, K residuals and adult life
span residuals were also negatively correlated among
mammalian orders, but the association was not as obvious
as that between f,, residuals and adult life-span residuals
(Table 2). Whereas primates live considerably longer and
grow much slower than expected for their body size, bats
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appear to grow at about the rate predicted for their body
size. The strongest outlier was Peramelemorphia, a marsupial
order like Dasyuromorphia.

In agreement with our previous analyses, we used as
terminal taxa at least three species to minimize potential
problems in estimating K and adult life span. The negative
correlation between K and adult life-span contrasts was
robust (72 = 0.55) and statistically significant (p < .001)
among 22 taxa (Figure 4B). Although weaker (7> = 0.20),
the negative correlation between contrasts of K residuals and
adult life-span residuals was also statistically significant (p =
.043). This result confirms the association between growth
rates and adult life span, and further indicates that mammals
that grow faster than predicted for their body size tend to
have a shorter adult longevity for their body size. Although
predicted by life history theory (7), as far as we know, these
results are novel.

In birds (n = 43), the negative correlation between
contrasts of adult life span and K was less obvious (77 =
0.14), even if significant at the .05 level (p = .014). Adult
life-span residuals, however, did not correlate with K
residuals when using phylogenetic independent contrasts
(p = .90). Similarly, using #,,,. rather than adult life span—
to obtain a larger data set (n = 208)—the negative
correlation between f,,,, and K contrasts was weak (7> =
0.076) but significant (p < .001), yet there was no
significant correlation between contrasts of K residuals and
tmax Tesiduals (p = .85). These results suggest that growth
rates are not associated with longevity in birds when body
size is corrected for.

Previously, it was reported that developmental schedules
are not associated with metabolic rates in mammals (14).
Using our data set (n = 275), we found a very weak (> =
0.024) negative correlation between BMR residuals and ¢,,,
in mammals. We were unable to validate the statistical
significance of this correlation, however, because we could
not properly standardize the contrasts. Similarly to our
results with ¢,,,., we found no evidence of an association
between BMR residuals and 7,,, or between BMR residuals
and t,,, residuals within mammalian orders (not shown),
except in marsupials (n = 37) in which we found
a statistically significant (p = .018) negative correlation
between BMR residuals and ¢, contrasts (7> = 0.084) and
between cBMR residuals and t,, contrasts (p = .028).
Regarding the relationship between temperature and mam-
malian (n = 254) development, the negative correlation
between Ty and #,, was weak (7= =0.036) but significant at
the .01 level using phylogenetic independent contrasts (p =
.002). As for mammalian growth rates (n = 119), we found
no significant correlation between K and BMR residuals
(p =.20) or between K and Ty (p = .89) using phylogenetic
independent contrasts.

DiscussioNn

Body Mass Is Likely Associated With Longevity
due to Ecological Constraints

Many others have discussed the well-established relation-
ship between body mass and longevity, and evolutionary

ecological factors appear to be the most plausible explana-
tion. Bigger animals are less prone to predation and thus
expected to have lower mortality rates, which in turn leads
to longer life spans and, according to evolutionary theory,
the evolution of a slower aging process (21,55). As reported
before, our results show that even though, on average, larger
animals live longer than smaller ones, that is not
a widespread trend. Bats and primates, for instance, are
above the mammalian regression curve relating 7,,,. to M
(Figure 1B). This happens because these taxa possess
crucial ecological advantages that allow for lower mortality
rates: Bats—Iike birds, whose regression curve is also above
that of mammals—have the ability to fly, and primates have
large brains for their body size. Further examples are
abundant: Subterranean animals, like bathyergids (family:
Bathyergidae) that are among the longest-lived rodents (Z,,,,.
> 20 years) despite their relatively small size (< 200 grams)
or like the Palestine mole rat (Nannospalax ehrenbergi),
a small (< 200 grams) muroid (superfamily: Muroidea) that
can live up to 15 years, can be explained by their
underground environment which minimizes predation and
mortality (56). Therefore, and in accordance with the
evolutionary theory of aging, organisms above the mam-
malian regression curve occupy less hazardous niches
(17,21,55).

Body size could be a determinant of ecological
opportunities and habitat that affects mortality, which then
influences the evolutionary forces shaping longevity and
aging (8,21). Alternatively, body size could be determined
by extrinsic mortality, in turn a result of different ecological
factors (7). Whatever the explanation, it is likely that the
association between body size and longevity is a result of
ecological constraints during the evolution of life histories
(15). Because of the coevolution of body size and longevity,
however, traits associated with body size will also tend to be
associated with longevity, independently of their relation-
ship to longevity. Therefore, as pointed out by many others
(5,11,51), body size can be a potentially confounding factor
in comparative studies of aging. In that sense, our analysis
of allometric scaling with regard to several traits (Table 1)
can be useful to derive residuals for different types of
comparative studies, and we included mammalian longevity
residuals—obtained from the equations calculated in this
work—in the AnAge database.

The Contentious Relationship Between
Metabolism and Longevity

The relationship between metabolic rates and aging has
been studied and debated by many researchers (1,14,15,17),
including those who have argued that a causal relationship
exists and that faster metabolic rates lead to a faster aging
process (12,13,18-20). Recent studies testing whether BMR
is associated with longevity after correcting for the effects of
body size have reported mixed results, with some authors
failing to find evidence of an association between BMR and
tmar I mammals and birds (5,57), and others reporting
statistically significant correlations in mammals, including
in eutherians (16). None of these previous works, however,
corrected for the effects of phylogeny. Hence, our work
using an updated data set and the most modern statistical
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analyses offers an unprecedented opportunity to test the
relationship between BMR and longevity.

Our results suggest that metabolic rates, when corrected
for body size, are not associated with longevity in eutherians
and probably not in birds either. Although we could not
correctly analyze the relationship between BMR residuals
and t,,,, contrasts in birds, considering the apparent lack of
correlation between these two variables (Figure 2B) and
between BMR residuals and 1, residuals, we have no
reason to suspect that BMR, corrected for body mass, is
associated with bird longevity.

It is possible that metabolic rates correlate, even if
weakly, with longevity in marsupials. We found that, even
after correcting for body mass, both time to maturity and
longevity are associated with BMR in this superorder.
Although the causality of this association is impossible to
determine at this point, it is tempting to speculate that these
results suggest a potential influence of metabolic rates on the
timing of life history events in marsupials, although we also
cannot exclude a potential bias due to body temperature.
Marsupials were often outliers in our analyses of both
metabolism and developmental schedules, hinting that life
history traits in marsupials may not compare well to those in
eutherians, as suggested before (17). Nonetheless, our
results provide fresh evidence that metabolic rates could
be related to the evolution of developmental schedules and
longevity in marsupials and, if confirmed, would indicate
a novel and intriguing physiological distinction between
marsupials and eutherians.

Contrary to previous results (16), we failed to find an
association between BMR or cBMR residuals and #,,,,
residuals in eutherian orders. Nevertheless, we should point
that there was a marginal negative correlation between BMR
residuals and t,,,, residuals in rodents (> = 0.085) and
carnivores (72 = 0.012), even if neither correlation was
statistically significant after eliminating the effects of
phylogeny. Interestingly, though, the correlation in rodents
was statistically significant if the effects of phylogeny were
not considered, again demonstrating how the use of
phylogenetic correctness can affect the results. On the
subject of our method, it is noteworthy to point out that,
even though we excluded some taxa from our analyses of
metabolic rates (see Method section), including them would
not change our results and conclusions: For example, BMR
residuals continued not to correlate with t,,, using
phylogenetic independent contrasts of all mammalian
data points (p = .80 with n = 338). In light of our findings,
it appears that the evolution of longevity in eutherians
has been by and large independent of metabolic rate,
challenging the view that metabolic rates are associated with
differences in longevity and aging between eutherian
species. Nevertheless, because of the suggestive relationship
between BMR residuals and ¢,,,, residuals in rodents and
carnivores, we cannot exclude that the evolution of
longevity in some eutherian taxa might have been slightly
associated with metabolic rates. Primates, however, are
unlikely to be one of such taxa.

Although BMR remains the benchmark measurement in
comparative physiology, it is not without its limitations
(57,58). In some small species the thermoneutral zone is

fairly large and, for instance, some species of bats have been
reported to show variable temperature rather than the “‘usual
homeothermy”” of other mammals (58). The use of BMR
corrected for body temperature—that is, cBMR—may
reduce these problems, though some errors probably persist.
Because of uncertainties associated not only with BMR but
also with t,,,,. (see Method section) and with the use of
phylogenetic correctness (51), we analyzed our data using
different types of approaches each with its own strengths
and weaknesses. The large majority of these approaches
offer concordant results, yet we wanted to allow researchers
to interpret the results using the approach they consider most
appropriate. Lastly, our data set is available online in the
AnAge Web site (http://genomics.senescence.info/species/)
if researchers wish to conduct additional analyses.

Regarding temperature, we found a negative correlation
between body temperature and time to maturity in
mammals, which as far as we know is new. The correlation
was weak, however. Because we also found a suggestive
(> = 0.014), nearly statistically significant (p = .072)
negative correlation between temperature and longevity in
mammals, it could be that temperature is associated—even
if to a small degree—with the timing of life history events,
including longevity, in mammals.

Experimentally, our results are relevant in the design and
interpretation of comparative studies of aging. The attention
given so far to metabolic rates in such studies, mainly to
those conducted in eutherians, appears unjustified. Our
findings suggest that correcting for BMR is unnecessary in
comparative studies of aging. Interestingly, our inter-species
results are in accordance with recent experimental intra-
species results in rodents. Contrary to the rate of living
theory, some results suggest that higher metabolic rates may
in some cases be associated with a longer life span (54,59).
Although the debate of whether metabolic rates and
temperature influence longevity in homeotherms will
probably not be settled any time soon, any relationship
between these traits and species longevity, particularly in
eutherians, appears very small or even negligible.

Development and Growth Are Associated
With Longevity

Our results using phylogenetic independent contrasts
confirm the previously reported idea that time to maturity is
associated with adult life span in mammals, and further
suggest that this association may be even stronger than
previously thought. The maximum amount of time a mam-
mal can expect to live after maturity, even in captivity, is
typically proportional to the amount of time it took that
animal to reach maturity. Our results showing that a faster
growth rate is associated with a shorter life span in
mammals, independently of body size, are new, even if
predicted by life history theory. In addition, our results show
that allometry of life-span exceptions are associated with
developmental schedules (Table 2), particularly develop-
mental time (Figure 3B). Species that tend to have a longer
longevity for their body size, such as bats and primates, also
tend to have a longer developmental phase for their body
size. Moreover, even though MRDT data is limited and
cannot be considered as definitive, it can serve as
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a confirmation of the trends found using other estimates of
aging. The way the MRDT correlates with time to maturity
to a larger extent than with body mass—and not at all with
BMR residuals (not shown)—further strengthens our
suggestion that aging rates correlate with developmental
schedules. Finally, it is interesting to point out that our
results are in agreement with recent experimental findings in
rodents, such as the slower growth rate and delayed maturity
found in some long-lived mouse strains (60).

In birds, we found no evidence of a correlation between
growth rates and longevity after correcting for body size, as
hinted before using demographic measurements of aging
(23). Nevertheless, life history analyses in birds, although
not as complete as those for mammals, suggest an asso-
ciation between rapid maturity and a short life span and vice
versa (61). More extensive data are needed to investigate
this hypothesis and its relevance to aging research.

It can be argued that mortality rates affect the evolution of
age at maturity, growth rates, and life span. Life history
theory predicts that animals with a higher adult mortality
rate will evolve a higher mass-specific growth rate and an
earlier age at reproduction (7), the so-called ‘‘fast-slow
continuum” (15). Indeed, we found that the time to
maturity—that is, #,,—was strongly associated with K, so
the causal relationship, if any, between the traits being
studied is not obvious. The causality of how these factors
evolved, however, is outside the scope of this work. What
we can conclude from our results is that, in mammals,
developmental schedules are associated with longevity and
possibly with aging rates with implications for how
comparative studies of aging are designed and interpreted.
Although an association between #,,, and adult life span has
been reported before (22), it has been largely disregarded in
comparative studies of aging. We hope that our results
showing a robust correlation between ¢, and adult life span
encourage researchers to consider this potential source of
bias. Developmental schedules such as the time to maturity
and growth rates have a physiological basis (for instance, at
a hormonal and cellular level) that should be taken into
consideration in the comparative biology of aging. Other-
wise, comparative studies of aging may infer that mecha-
nisms involved in development—e.g., rates of cellular
proliferation—are associated with aging when instead such
association may be a result of the correlation between
developmental schedules and longevity (62).

Conclusion

This work is new in the completeness and accuracy of the
data set used, particularly for mammals, by including the
recent work of Weigl (34), verifying the longevity records,
and featuring carefully selected life history traits and
metabolic rate data from recent manually curated sources
(41,42). Our analyses are also strengthened by the control
for phylogenetic independence and body size, which were
not always present in previous such works. These reasons
make the analyses of factors previously associated with
longevity reported in this work a benchmark for designing
and interpreting comparative studies of aging and for
understanding the evolution of life histories.

Associations between nonmechanistic parameters and

longevity are only a first step in understanding species
differences in longevity. Much more detailed studies
involving modern biochemistry, cell biology, or molecular
physiology will be necessary to understand the genetic and
molecular mechanisms by which different animal species
age at different paces. Our work, however, is important for
the design and interpretation of such experiments because it
establishes those parameters coevolving with longevity that
represent potential sources of bias. Furthermore, both this
work and the AnAge database can be used to select species
for comparative studies of aging having in consideration the
potential confounding factors detailed herein. In conclusion,
the design and interpretation of comparative studies of aging
in vertebrates, and especially in eutherians, should take body
mass and developmental schedules (but possibly not meta-
bolic rates) into consideration as potential sources of bias.

ACKNOWLEDGMENTS

J. P. de Magalhies is supported by a NIH-NHGRI CEGS grant to George
Church.

Thanks to the many researchers who assisted us in establishing AnAge,
particularly to Jamie Gillooly, Van Savage, and Andrew McKechnie for
providing us with data sets prior to publication and to Steven Austad for
sharing his data set and expertise concerning mammalian aging. Further
thanks to members of the Church lab for valuable discussions, to Richard
Miller and Daniel Promislow for comments on previous drafts, and to
Marvin Jones, Robert Ricklefs, and Theodore Garland, Jr., for useful
insights.

Preliminary data from this work were presented at the Longevity
Consortium Symposium in San Francisco, CA, February 2005, and at the
35th Annual Meeting of the American Aging Association in Boston, MA,
June 2006.

CORRESPONDENCE

Address correspondence to Joao Pedro de Magalhdes, PhD, Department
of Genetics, Harvard Medical School, 77 Avenue Louis Pasteur, Room 238,
Boston, MA 02115. E-mail: jp@senescence.info

REFERENCES

1. Austad SN. Diverse aging rates in metazoans: targets for functional
genomics. Mech Ageing Dev. 2005;126:43—49.

2. Miller RA. Kleemeier award lecture: are there genes for aging? J
Gerontol A Biol Sci Med Sci. 1999;54A:B297-B307.

3. de Magalhaes JP. Species selection in comparative studies of aging and
antiaging research. In: Conn PM, ed. Handbook of Models for Human
Aging. Burlington, MA: Elsevier Academic Press; 2006:9-20.

4. Finch CE. Longevity, Senescence, and the Genome. Chicago and
London: The University of Chicago Press; 1990.

5. Speakman JR. Correlations between physiology and lifespan—two
widely ignored problems with comparative studies. Aging Cell.
2005;4:167-175.

6. de Magalhaes JP, Costa J, Toussaint O. HAGR: the Human Ageing
Genomic Resources. Nucleic Acids Res. 2005;33(Database Issue):
D537-D543.

7. Charnov EL. Life History Invariants: Some Explorations of Symmetry
in Evolutionary Ecology. Oxford: Oxford University Press; 1993.

8. Stearns SC. The Evolution of Life Histories. Oxford: Oxford University
Press; 1992.

9. Calder WA. Size, Function, and Life History. Cambridge: Harvard
University Press; 1984.

10. Schmidt-Nielsen K. Scaling: Why is Animal Size So Important?
Cambridge: Cambridge University Press; 1984.

11. Promislow DE. On size and survival: progress and pitfalls in the
allometry of life span. J Gerontol. 1993;48:B115-B123.

12. Pearl R. The Rate of Living. New York: Knopf; 1928.



160

13.
14.

16.

17.

18.

19.

20.

21.
22.
23.
24.
25.
26.
27.

28.

29.

30.

32.

33.

34.

35.

36.
37.

38.

Kleiber M. The Fire of Life. New York: John Wiley; 1961.
Harvey PH, Pagel MD, Rees JA. Mammalian metabolism and life
histories. Am Nat. 1991;137:556-566.

. Harvey PH, Purvis A. Understanding the ecological and evolutionary

reasons for life history variation: mammals as a case study. In:
McGlade J, ed. Advanced Ecological Theory: Principles and
Applications. Oxford: Blackwell Science; 1999:232-248.

White CR, Seymour RS. Does BMR contain a useful signal?
Mammalian BMR allometry and correlations with a selection of
physiological, ecological and life-history variables. Physiol Biochem
Zool. 2004;77:929-941.

Austad SN, Fischer KE. Mammalian aging, metabolism, and ecology:
evidence from the bats and marsupials. J Gerontol. 1991;46:B47-B53.
Prinzinger R. Programmed ageing: the theory of maximal metabolic
scope. How does the biological clock tick? EMBO Rep. 2005;6Spec
No:S14-S19.

Balaban RS, Nemoto S, Finkel T. Mitochondria, oxidants, and aging.
Cell. 2005;120:483-495.

Sohal RS, Mockett RJ, Orr WC. Mechanisms of aging: an appraisal
of the oxidative stress hypothesis. Free Radic Biol Med. 2002;33:
575-586.

Kirkwood TB, Austad SN. Why do we age? Nature. 2000;408:233—
238.

Prothero J. Adult life span as a function of age at maturity. Exp
Gerontol. 1993;28:529-536.

Ricklefs RE, Scheuerlein A. Comparison of aging-related mortality
among birds and mammals. Exp Gerontol. 2001;36:845-857.
Metcalfe NB, Monaghan P. Growth versus lifespan: perspectives from
evolutionary ecology. Exp Gerontol. 2003;38:935-940.

Cutler RG. Evolution of human longevity: a critical overview. Mech
Ageing Dev. 1979;9:337-354.

Allman J, McLaughlin T, Hakeem A. Brain weight and life-span in
primate species. Proc Natl Acad Sci U S A. 1993;90:118-122.

Finch CE, Pike MC. Maximum life span predictions from the Gompertz
mortality model. J Gerontol Biol Sci. 1996;51A:B183-B194.

de Magalhaes JP, Cabral JA, Magalhaes D. The influence of genes on
the aging process of mice: a statistical assessment of the genetics of
aging. Genetics. 2005;169:265-274.

Carey JR. Longevity: The Biology and Demography of Life Span.
Princeton: Princeton University Press; 2003.

Terres JK. The Audubon Society Encyclopedia of North American
Birds. New York: Knopf; 1980.

. Nowak RM. Walker's Mammals of the World. Baltimore: Johns

Hopkins University Press; 1999.

Snider AT, Bowler JK. Longevity of Reptiles and Amphibians in North
American Collections. 2nd Ed. Oxford, Ohio: Society for the Study of
Amphibians and Reptiles; 1992.

Carey JR, Judge DS. Longevity Records: Life Spans of Mammals,
Birds, Amphibians, Reptiles, and Fish. Odense: Odense University
Press; 2000.

Weigl R. Longevity of Mammals in Captivity; from the Living Collec-
tions of the World. Stuttgart: Kleine Senckenberg-Reihe 48; 2005.
Hayssen VD, van Tienhoven A, van Tienhoven A. Asdell’s Patterns of
Mammalian Reproduction: A Compendium of Species-Specific Data.
Ithaca and London: Cornell University Press; 1993.

Emest SKM. Life history characteristics of placental non-volant
mammals. Ecology. 2003;84:3401.

Zullinger EM, Ricklefs RE, Redford KH, Mace GM. Fitting sigmoid
equations to mammalian growth curves. J Mammal. 1984;65:607-636.
Starck JM, Ricklefs RE. Avian growth rate data set. In: Starck JM,
Ricklefs RE, eds. Avian Growth and Development. Evolution within the
Altricial-Precocial Spectrum. New York: Oxford University Press;
1998:381-423.

. White CR, Seymour RS. Mammalian basal metabolic rate is pro-

portional to body mass 2/3. Proc Natl Acad Sci U S A. 2003;100:4046—
4049.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

SI.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

DE MAGALHAES ET AL.

Bennett AF, Harvey PH. Active and resting metabolic rate in birds:
allometry, phylogeny and ecology. J Zool. (Lond.) 1987;213:327—
363.

McKechnie AE, Wolf BO. The allometry of avian basal metabolic rate:
good predictions need good data. Physiol Biochem Zool. 2004;77:502—
521.

Savage VM, Gillooly JF, Woodruff WH, et al. The predominance of
quarter-power scaling in biology. Funct Ecol. 2004;18:257-282.
Reynolds PS, Lee RM III. Phylogenetic analysis of avian energetics:
passerines and nonpasserines do not differ. Am Nat. 1996;147:735-759.
Felsenstein J. Phylogenies and the comparative method. Am Nat.
1985;125:1-15.

Midford PE, Garland T Jr, Maddison WP. PDAP Package of Mesquite.
Available at: http://mesquiteproject.org/pdap_mesquite/; 2005. Last
accessed September 19, 2005.

Maddison WP, Maddison DR. Mesquite: a modular system for
evolutionary analysis. Available at: http://mesquiteproject.org; 2005.
Last accessed September 19, 2005.

Maddison DR, Schulz KS, eds. The Tree of Life Web Project. Available
at: http://tolweb.org; 1996-2006. Last accessed February 2, 2006.
Goodman M, Porter CA, Czelusniak J, et al. Toward a phylogenetic
classification of primates based on DNA evidence complemented by
fossil evidence. Mol Phylogenet Evol. 1998;9:585-598.

Springer MS, Murphy W1, Eizirik E, O’Brien SJ. Placental mammal
diversification and the Cretaceous-Tertiary boundary. Proc Natl Acad
Sci U S A. 2003;100:1056-1061.

Garland T Jr, Harvey PH, Ives AR. Procedures for the analysis of com-
parative data using independent contrasts. Syst Biol. 1992;41:18-32.
Harvey PH, Pagel MD. The Comparative Method in Evolutionary
Biology. Oxford: Oxford University Press; 1991.

Packard GC, Boardman TJ. The misuse of ratios to scale physiological
data that vary allometrically with body size. In: Feder ME, Bennett AF,
Burggren WW, Huey RB, eds. New Directions in Ecological
Physiology. Cambridge: Cambridge University Press; 1988:216-239.
Bennett AF. Structural and functional determinants of metabolic rate.
Am Zool. 1988;28:699-708.

Speakman JR, Talbot DA, Selman C, et al. Uncoupled and surviving:
individual mice with high metabolism have greater mitochondrial
uncoupling and live longer. Aging Cell. 2004;3:87-95.

Austad SN. The comparative biology of aging. In: Cristofalo VJ,
Adelman R, eds. Annual Review of Gerontology and Geriatrics. Vol.
21. Modern Topics in the Biology of Aging. New York: Springer;
2001:19-40.

Nevo E. Adaptive convergence and divergence of subterranean
mammals. Annu Rev Ecol Syst. 1979;10:269-308.

Speakman JR. Body size, energy metabolism and lifespan. J Exp Biol.
2005;208:1717-1730.

Chaui-Berlinck JG, Navas CA, Monteiro LH, Bicudo JE. Control of
metabolic rate is a hidden variable in the allometric scaling of
homeotherms. J Exp Biol. 2005;208:1709-1716.

Oklejewicz M, Daan S. Enhanced longevity in tau mutant Syrian
hamsters, Mesocricetus auratus. J Biol Rhythms. 2002;17:210-216.
Bartke A, Coschigano K, Kopchick J, et al. Genes that prolong life:
relationships of growth hormone and growth to aging and life span. J
Gerontol Biol Sci. 2001;56A:B340-B349.

Holmes DJ, Austad SN. The evolution of avian senescence patterns:
implications for understanding primary aging processes. Am Zool.
1995;35:307-317.

de Magalhaes JP, Church GM. Cells discover fire: employing reactive
oxygen species in development and consequences for aging. Exp
Gerontol. 2006;41:1-10.

Received March 27, 2006
Accepted August 23, 2006
Decision Editor: Huber R. Warner, PhD



