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Introduction

Abstract

Hibernation and daily torpor (i.e. temporal heterothermy) have been reported in
many marsupial species of diverse families and are known to occur in ~15% of all
marsupials, which is a greater proportion than the percentage of heterothermic
placentals. Therefore, we aimed to gather data on heterothermy, including
minimal body temperature, torpor metabolic rate and torpor bout duration for
marsupials, and relate these physiological variables to phylogeny and other
physiological traits. Data from published studies on 41 marsupial species were
available for the present analysis. Heterothermic marsupials ranged from small
species such as planigales weighing 7 g to larger species such as quolls weighing up
to 1000 g. We used the marsupial phylogeny to estimate various heterothermic
traits where the current dataset was incomplete. The torpor metabolic rate in
relation to basal metabolic rate (%) ranged from 5.2 to 62.8% in daily
heterotherms and from 2.1 to 5.2% in marsupial hibernators, and was significantly
correlated with the minimum body temperature in daily heterotherms (R* = 0.77,
P <0.001), but not in hibernators (R*>=0.10, P > 0.05). The mean torpor bout
duration ranged from 2 to 15 h in daily heterotherms and from 85 to 342 h in
hibernators, and decreased significantly with increasing minimum body tempera-
ture in daily heterotherms (R*> = 0.31, P < 0.001), but was not significant in hiber-
nators. Our results show that phylogeny has a significant influence on nearly all
analysed individual traits and relationships between traits in daily heterotherms
(n =35), but not in hibernators (n = 6). However, allometric analyses show that
many of the physiological parameters scale differently between hibernators and
daily heterotherms.

torpor interrupted by periodic arousals) was not physiologi-
cally possible in marsupials and that their torpor in general

Marsupial mammals diverged from placentals between 148
and 166 Ma (Bininda-Emonds ez al., 2008; O’Leary et al.,
2013) and have radiated since then into many taxa and fami-
lies. The 336 extant marsupial species are distributed over
Australia, Papua New Guinea and nearby islands, South,
Central and North America, but most (i.e. 236 species, ¢. 70%)
are found in Australia and Papua New Guinea. The infraclass
Marsupialia consists of seven orders (Didelphimorphia,
Paucituberculata, Microbiotheria, Dasyuromorphia, Peram-
elemorphia, Notoryctemorphia, Diprotodontia), the first
three of which are exclusively found in the Americas (Fig. 1).

In the past, marsupials have been regarded as physiologi-
cally primitive mammals in comparison with placentals,
mainly because of the fact that they give birth to extremely
altricial young, have low basal metabolic rates (BMR) and
lack functional brown adipose tissue for non-shivering
thermogenesis. With regard to thermoenergetics, it was widely
assumed that hibernation (a sequence of deep multi-day
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reflected a primitive thermoregulation. However, in recent
decades, knowledge about reproductive (for review see
Tyndale-Biscoe & Renfree, 1987) and thermoregulatory pro-
cesses in marsupials (MacMillen & Nelson, 1969; Dawson &
Hulbert, 1970; McNab, 1978; Geiser & Ruf, 1995; Nicol,
Pavlides & Andersen, 1997; Geiser, 2004; Cooper & Withers,
2010; Geiser & Kortner, 2010; Withers, Cooper & Nespolo,
2012; Riek & Geiser, 2013) has increased tremendously. Now
it is established that torpor in marsupials is under precise
thermoregulatory control (Geiser & Baudinette, 1987; Song,
Kortner & Geiser, 1997; Cooper & Geiser, 2008) as in
placentals and that, in general, marsupials express similar
torpor patterns as placentals. It is now also known that the use
of energy-saving mechanisms such as torpor or hibernation
are not restricted to species living in cold climates, as was
widely believed in the past. Torpor is also used by many
species inhabiting warm or hot climates, such as tropical habi-
tats ranging from rainforests to deserts (Dausmann, 2008;
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Figure 1 Phylogeny and divergence times of marsupial families (with branch length according to family diversification derived from the mammalian
Supertree, Bininda-Emonds et al., 2008) with information on present-day number of species per family and body mass (BM) range (the dashed black
circle marks the Cretaceous—Paleogene extinction event 65 million years ago = K-Pg boundary). Representative animal icons and the present-day
distribution ranges (Menkhorst & Knight, 2004; Tyndale-Biscoe, 2005; Armati, Dickman & Hume, 2006) of each marsupial family are depicted.
Light—gray-highlighted branches belong to the superorder Australidelphia and dark—-gray-highlighted branches to the superorder Ameridelphia, while
capital letters on branches refer to marsupial orders. Coloured family names represent families in which heterothermy has been reported (blue:

hibernators; red: daily heterotherms).

Warnecke, Turner & Geiser, 2008; Stawski, Willis & Geiser, Our review summarizes available data on heterothermy
2013), including a large number of marsupial species. In fact, and relate these physiological traits to phylogeny, size and
heterothermy in marsupials is widespread and known to occur other physiological parameters. For that purpose, we gath-
in at least 9 out of 19 marsupial families (Fig. 1, Table 1). ered data for minimal body temperature (T, min), torpor
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metabolic rate (TMR) and torpor bout duration (TBD) for
heterothermic marsupials. We derived allometric equations
using a phylogenetically informed method to describe rela-
tionships between traits related to heterothermy. Further-
more, we estimated missing values of various heterothermic
traits using a phylogenetic approach where the current
dataset was incomplete.

Material and methods

Database

Data from published studies on 41 marsupial species
(Australidelphia and Ameridelphia) were available for the
present analysis (Table 1). Species ranged from small
marsupials such as the narrow-nosed planigale Planigale
tenuirostris weighing 7.0 g to larger species such as the
Western quoll Dasyurus geoffroii and the Eastern quoll
Dasyurus viverrinus weighing 1000 g (Table 1). We aimed to
include only heterothermic marsupial species for which body
mass and at least one heterothermic variable, that is Ty min OF
TMR, has been reported. Marsupial species that are likely to
be heterothermic, for example by phylogenetic relationships
to known heterothermic species, have not been included in
our analysis. Thus, our dataset comprised 41 heterother-
mic marsupial species with data for body mass, 38 for
normothermic body temperature (Ty), 38 for Ty min, 30 for
TMR, 30 for maximum TBD (TBDy.) and 23 for mean
TBD (TBDgean). The T, and BMR values were taken either
from the original publications or from Clarke, Rothery &
Isaac (2010) and White, Blackburn & Seymour (2009),
respectively. Torpor was defined as a reduction in metabolic
rate below 75% of resting metabolic rate (RMR) and TBD
as the time metabolic rate remained below 75% of RMR
(Geiser et al., 2006). Or, if only T}, measurements were avail-
able, as the time T}, remained below 30°C (Kortner & Geiser,
2000). TMR was defined as the lowest metabolic rate
during torpor when TMR was stable and minimal. Data for
hibernators and daily heterotherms were analysed separa-
tely because most physiological variables related to
heterothermy, such as TBDmean, TBDmax, Tv min and TMR,
differ substantially between these two groups.

Phylogeny

The phylogeny was derived from a published mammalian
supertree, which includes 4510 species with updated branch
lengths derived from dated estimates of divergence times
(Bininda-Emonds et al., 2008). The supertree for mammals
was pruned to include only the species of concern for this
study, that is heterothermic marsupials (n =41), using the
‘analysis in phylogenetics and evolution’ (APE) package
(Paradis, Claude & Strimmer, 2004) and the ‘analysis of
evolutionary diversification’ (GEIGER) package (Harmon
et al., 2008) in R (Ihaka & Gentleman, 1996). The tree is
available in Supporting Information Appendix S1.

Journal of Zoology 292 (2014) 74-85 © 2014 The Zoological Society of London
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Phylogenetic signal and analysis

The method of phylogenetic generalized least squares (PGLS;
Grafen, 1989; Martins & Hansen, 1997; Garland & Ives, 2000;
Rohlf, 2001) was implemented for the trait data using
BayesTraits (Pagel, Meade & Barker, 2004). PGLS is an
extension of Felsenstein’s phylogenetic independent contrasts
(PIC; Felsenstein, 1985) that allows for flexibility in the under-
lying evolutionary assumptions (Martins & Hansen, 1997).
While PIC analysis assumes a ‘Brownian motion’ model
of evolution where the variation in the trait data is fully
explained by the phylogeny, PGLS analysis allows more flexi-
bility through the use of a parameter lambda (A). The param-
eter A is determined by maximum likelihood (ML) and can
range between 0 [no phylogenetic signal, similar to ordinary
least squares, i.e. ordinary least square (OLS) analysis] and 1
(pattern of trait data variation is fully explained by the phy-
logeny, similar to PIC analysis), and thus indicates how strong
the phylogenetic signal is for a certain trait or the relationship
between the two traits. Intermediate values of A4 indicate that
the trait evolution is phylogenetically correlated, but does not
follow fully a Brownian motion model (White ez al., 2009). A
more in-depth description and further mathematical details on
PGLS analysis can be found in Pagel (1999), Garland & Ives
(2000) and Freckleton, Harvey & Pagel (2002).

To compare phylogenetic signals for individual traits for
measured trait data in daily heterotherms, we compared A =0
and A=1 models to the PGLS model (i.e. A=ML) using
BayesTraits (Pagel et al., 2004). A likelihood ratio (LR) test
was used, similar to that described in Capellini, Venditti &
Barton (2010), with LR =2 x [Lh (better-fitting model) — Lh
(worse-fitting model) | with the best-fitting model having the
highest log-likelihood score (Lh). The significance was tested
with a chi-square distribution with 1 degree of freedom (Pagel,
1999; Freckleton et al., 2002).

Estimation of missing values
using phylogeny

For species without measured values for Ty, (n=4), Ty min
(n=3), TMR (n=11), TBDnux (n=11), TBDmean (n=18)
and/or BMR (n=15), we used the program PhyloPars
(Bruggeman, Heringa & Brandt, 2009) to estimate these values
using the marsupial phylogeny. The program operates on a
known phylogeny and an incomplete feature matrix that
includes the available observations. A detailed description of
the web-based program and its application was published
recently (Riek & Bruggeman, 2013). Missing values are esti-
mated using phylogenetic and phenotypic covariances. In a
first step, ‘the optimal phylogenetic and phenotypic covari-
ance are combined with the tree topology to calculate the
covariances between the observations and the missing values.
These are subsequently used to express the estimate of each
missing value as the product of all original observations and
an estimate specific set of associated weights’ (Bruggeman
et al., 2009) forthwith termed ‘evolutionary model’. The esti-
mated phylogenetic covariances, which characterize the rate
and direction of evolution, are then combined with the dataset
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Table 2 Comparison between phylogenetic generalized least squares models (A estimated by maximum likelihood, ML) for measured traits [i.e.
body mass (BM), basal metabolic rate (BMR), torpor metabolic rate (TMR), normothermic body temperature (Ty), minimum Ty, (Ty min), Mean torpor
bout duration (TBDmean) and maximum TBD (TBDnax) ] with models with no phylogenetic signal (A = 0) and models with the maximum phylogenetic
signal (A = 1) in daily heterotherms (n = 35)

A =ML versus 1= 1 A=ML versus A=0

Trait ML A N Lh, =ML Lh, A=1 Lh, =0 LR P LR P

BM (g) 1.00 35 -25.66 -25.66 -30.29 0.00 1.00 9.26 <0.001
BMR (mL O; h™") 0.77 30 -16.69 -18.87 -18.91 4.36 0.037 4.44 0.035
TMR (mL O; h™") 0.76 24 -8.16 -10.17 -10.94 4.02 0.045 5.56 0.018
T (°C) 0.68 31 87.04 82.53 83.50 9.02 0.003 7.08 0.008
To min (°C) 0.84 32 16.84 15.06 13.70 3.56 0.059 6.28 0.012
TBDiean () 0.34 19 -5.65 -8.43 -7.55 5.56 0.018 3.80 0.051
TBDrmax (h) 0.41 24 —6.16 -9.79 -8.12 7.26 0.007 3.92 0.048

Lh, log-likelihood score for models with ML = A; A =1 or A = 0; LR, likelihood ratio.

to infer missing trait values. The resulting estimates are the
weighted sum of known values for both traits, determined by
correlations between species (i.e. phylogenetic distance) and
correlations between traits (i.e. allometric relationships).
Additionally, to determine the accuracy of the estimated trait
values, the model results are validated by cross-validation in
which each observed parameter (i.e. measured values) is
excluded from the input data and re-estimated using the ML
estimation-derived phylogenetic and phenotypic covariances
to determine the prediction error. In other words, known trait
values are omitted one by one from the dataset and then
re-estimated from the remaining values using phylogeny. This
procedure results in a set of residuals (one for each known
trait value), which determine the quality of the estimated
missing values. Furthermore, the mean of the absolute values
of these residuals is used as a measure of accuracy (Riek &
Bruggeman, 2013). For comparison purposes, the program
also estimates the error for a simple mean model, which
assumes the best estimate for a missing value is given by the
mean of all observations, and for a nearest-neighbour model,
which assumes the best estimate for a missing value is given by
the phylogenetically closest observation (Bruggeman et al.,
2009).

Results

Phylogenetic signals for individual traits

For marsupial daily heterotherms, individually analysed
traits that were measured exhibited low (TBDmean, TBDpmax),
moderate (Tp) and strong (body mass, T mn, TMR, BMR)
phylogenetic signals, with a ML of A values ranging from 0.34
to 1.00 (Table 2). All phylogenetic signals for individual traits
in daily heterotherms differed significantly (P < 0.05) from
A=0, confirming the need for phylogenetically informed
analysis. An exception was TBDyen, Where A =0.34 was not
significantly different from A =0 with P being slightly above
the significance level (P =0.051). While the phylogenetic
signal for body mass and Ty, min Were not significantly different
from A = 1, the phylogenetic signals for the traits BMR, TMR,
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Ty, TBDmax and TBDyean were significantly different from
A =1, suggesting that a fraction of the variability is not due
to evolutionary constraints in these traits. Contrarily, all
phylogenetic signals (1) for all analysed traits in marsupial
hibernators were 0, that is no phylogenetic signal (results not
shown).

Allometric relationships

We analysed allometric relationships between body mass and
TMR (Fig. 2) as well as between TBD ean and T, min and TMR
(Fig. 3) and between T, min and the ratio of TMR/BMR
(Fig. 4) separately for observed values (Table 3) as well as for
observed and estimated values (Table 4) using the marsupial
phylogeny in daily heterotherms and hibernators. For daily
heterotherms, all allometric relationships were significant
(P < 0.05) except for the relationship of measured as well as
measured and estimated values combined between TBDyean
and T, (Tables 3 and 4). The phylogenetic signals for relation-
ships between traits in daily heterotherms ranged between 0.42
and 0.70 for measured values and between 0.49 and 1.00 for
measured and estimated values, and differed significantly
(P<0.05) from 0 in all cases, emphasizing the need for
phylogenetic correction of the trait data and the inappropri-
ateness of the use of OLS for these data. In hibernators,
however, the phylogenetic signal of only one allometric rela-
tionship (TBDean VS. T min) Was significantly different from 0
(P < 0.05) for measured values as well as for measured and
estimated values; for all other analysed relationships, the
phylogenetic signal was 0, that is equivalent to OLS (Tables 3
and 4).

The phylogenetically controlled allometric relationship
between body mass and TMR (Fig. 2) for measured values
was described by the equations TMR (mL O, h™') = 0.13 body
mass’’ (g) for hibernators and TMR (mL O, h™) = 0.53 body
mass®”’ (g) for daily heterotherms, with a significant (P < 0.01)
lower exponent for hibernators than for daily heterotherms
and body mass explaining 55 and 61% of the variation in
TMR, respectively. Including estimated values into the regres-
sion analysis for daily heterotherms, yielded the equation

Journal of Zoology 292 (2014) 74-85 © 2014 The Zoological Society of London
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1000

® O T_—_ Daily Heterotherms

o — — — Hibernators

100

10 4

Torpor metabolic rate (mL O, h™")

0.1 . . .
10 100 1000

Body mass (g)

Figure 2 Relationship between body mass and torpor metabolic rate in
heterothermic marsupials derived by phylogenetic least square regres-
sion for daily heterotherms and hibernators. Closed symbols are meas-
ured data and open symbols were estimated from the marsupial
phylogeny (Bruggeman et al., 2009; see text for details). Solid lines are
phylogenetic generalized least squares (PGLS) regressions for esti-
mated and measured values (for equations see Table 3) while dashed
lines are PGLS regressions for measured values only (for equations see
Table 2); the Y-intercept was calculated by forcing the regression line
through the estimate for the root of the tree, following Garland et al.
(1993) and Garland & lves (2000).

TMR (mL O, h™') =0.42 body mass"® (g) with body mass
explaining 84% of the variation in TMR. Furthermore, our
results show that normothermic T, increases with increasing
TBDyean in hibernators, but this relationship is not significant
in daily heterotherms for both measured as well as measured
and estimated values (Tables 3 and 4). Contrarily, Ty min
decreases with increasing TBDyean in both daily heterotherms
and hibernators, whether measured or measured and esti-
mated data were analysed. However, the regression for meas-
ured data in hibernators was not significant (Fig. 3a). The
exponents for the corresponding PGLS models were lower for
hibernators (measured: —0.45, measured and estimated: —0.89)
than for daily heterotherms (measured: —0.27, measured and
estimated: —0.23). Similarly, TMR decreases with increasing
TBDean in both hibernators and daily heterotherms for meas-
ured as well as for measured and estimated data (Fig. 3b). In
hibernators, however, this decrease is more pronounced as
indicated by a steeper slope (measured: —0.52, measured and
estimated: —0.62) compared with daily heterotherms (meas-
ured: —0.40, measured and estimated: —0.36). The Ty i, had a
significant (P <0.001) influence on the ratio TMR/BMR
(Fig. 4a) in daily heterotherms but not in hibernators, whether
measured or measured and estimated values were included in
the analysis.

Journal of Zoology 292 (2014) 74-85 © 2014 The Zoological Society of London

Heterothermy in pouched mammals — a review

o

;

=

T

TC'J

o}

-

E

@

=

-
® © T Daily Heterotherms
B0 = Hibernators

0.01 + . "

1 10 100

Mean torpor bout duration (h)

Figure 3 Relationship between mean torpor bout duration and (a)
minimum body temperature (T, min) and (b) torpor metabolic rate (TMR)
in heterothermic marsupials derived by phylogenetic least square
(PGLS) regression for daily heterotherms (black lines) and hibernators
(grey lines). Closed symbols are measured data and open symbols
were estimated from the marsupial phylogeny (Bruggeman et al., 2009;
see text for details). Solid lines are PGLS regressions for estimated and
measured values (for equations see Table 3) while dashed lines are
PGLS regressions for measured values only (for equations see Table 2);
the Y-intercept was calculated by forcing the regression line through the
estimate for the root of the tree, following Garland et al. (1993) and
Garland & lves (2000).

Estimation of missing values using
phylogeny

In our analysis, we estimated values for Ty (n=4), Ty min
(n=3), TMR (n=11), TBDyux (7 = 11), TBDypean (7 = 18) and
BMR (n = 5) for several marsupial species on the basis of their
body mass and phylogeny, for which trait data were not
available (Table 1), with species ranging in size from 7 g
(Planigale spp.) to 1.0 kg (Dasyurus spp.). An exception was
the marsupial mole Notoryctes caurinus for which TBDmean
and TBDy,x could not be estimated because of the low number
of species in this order (Notoryctemorphia, n = 2) and thus an
undetermined model. However, for all other estimated values
the evolutionary model, the model that estimates missing
feature values, had the lowest cross-validation errors for

79



Heterothermy in pouched mammals — a review

100 -
® O ——— Daily Heterotherms o
m — — — Hibernators 4
;)/
o
9
o
5 0
1
=
= 5]
7 2y o
=]
1 T
1 10

Minimum body temperature (°C)

Figure 4 Relationship between minimum body temperature and the
ratio between torpor metabolic rate (TMR) and basal metabolic rate
(BMR) in heterothermic marsupials derived by phylogenetic least
square (PGLS) regression for daily heterotherms and hibernators.
Closed symbols are measured data and open symbols were estimated
from the marsupial phylogeny (Bruggeman et al., 2009; see text for
details). Solid lines are PGLS regressions for estimated and measured
values (for equations see Table 3) while dashed lines are regressions for
measured values only (for equations see Table 2); the Y-intercept was
calculated by forcing the regression line through the estimate for the
root of the tree, following Garland et al. (1993) and Garland & Ives
(2000).

all traits, compared with the mean and nearest-neighbour
model, respectively (Table 5). The accuracy of inferred trait
values was further determined by re-estimation of measured
trait values. On average re-estimated values of measured
traits were within 1.3 £ 0.13% (mean + standard error, Ty),
3.7£1.03% (Ty min), 1.1+£0.10% (TMR), 4.2+1.57%
(TBDmay), 8.2 +2.92% (TBDpean) and 5.7 £ 1.71% (BMR) of
observed values, respectively.

Discussion

Our review is the first examining all available physiological
traits related to heterothermy in marsupials using a
phylogenetic approach. Furthermore, we estimated some
missing trait values for heterothermy, with moderate-to-high
accuracy, using a phylogenetically informed method. Our
results show that many physiological variables scale differ-
ently between daily heterotherms and hibernators. Consider-
ing the small proportion of marsupial species that have been
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examined systematically in regard to torpor expression, it is
likely that more heterothermic marsupials will be discovered
in the future.

Phylogenetic signals

Phylogenetic signals for individual measured traits and their
relationships ranged from low to high for daily heterotherms,
consistent with the results of Cooper & Geiser (2008).
However phylogenetic signals in hibernators were absent, with
one exception, that is the relationship between TBDean and
Tb min. The reason for the absence of a phylogenetic signal for
most relationships between traits and individual traits in
hibernators is most likely due to the low number of species
analysed in this group (n = 6) and the high uniformity of the
data. This is in contrast to daily heterotherms, which are
physiologically diverse, have a large body mass range and
belong to four different orders. Despite the lack of a
phylogenetic signal in the hibernators, we decided to analyse
hibernators and daily heterotherms separately, because most
physiological variables related to heterothermy, such as
TBDueans TBDmax, Tv min and TMR, differ substantially
between these two groups.

In daily heterotherms, the PGLS models always fitted the
data better than OLS models and should therefore be pre-
ferred. However, there are situations when it may be inappro-
priate to remove the phylogenetic signal (i.e. use PGLS
models), for example if explanatory traits are also closely
correlated with phylogeny. Nevertheless, our results show that
the phylogenetic signals for all individual measured traits and
measured trait relationships examined in daily heterotherms
were significantly different from A =0 (with the exception of
TBDyean), and thus phylogenetic correction for these traits
was warranted. Furthermore, for two trait relationships
(TBDuean vs. TMR and Ty min vs. TMR/BMR) and five indi-
vidual traits (BMR, TMR, Ty, TBDueswn and TBDp.x), the
strength of the phylogenetic signal estimated by the ML A was
also significantly different from 1. This indicates that the evo-
lution of these relationships and traits was less than expected
under the Brownian motion model. Our results therefore
emphasize that assuming a set value for A, for example 0 as in
OLS analysis or 1 as in PIC analysis (Felsenstein, 1985), will
likely under- or overestimate the influence of shared evolution,
which can lead to false conclusions as pointed out by Capellini
et al. (2010).

Estimation of missing values using
phylogeny

In our analysis, we estimated missing values for several
traits related to heterothermy using a phylogenetic approach.
Although it needs to be noted that the observed diversity in
any physiological parameter will reflect sources of variation
other than body mass and phylogeny, as, for example, geno-
typic adaptation or phenotypic plasticity. Thus, for simplicity,
the procedure used here to estimate trait values assumes that
body mass and phylogeny are the only sources of variation.
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Table 3 Phylogenetic generalized least squares models for the allometry between traits including measured values in heterothermic marsupials,
with the maximum likelihood (ML) 4 value, slope (b), intercept and regression statistics

Trait relationship N MLA  PforA=1 Pfor A=0 b Intercept R? P! F d.f.
BM (g) versus TMR (mL O, h™')
Daily heterotherms 25 0.64 0.16 <0.05 0.771 0.53 0.61 <0.001 33.67 23
Hibernators 6 0.00 0.01 1.00 0.574 0.13 0.55 0.036 4.97 4
TBDmean () versus Ty (°C)
Daily heterotherms 17 0.68 0.1 <0.05 —-0.004 35.48 0.01 0.424 0.17 15
Hibernators 4 0.00 0.01 1.00 0.029 30.41 0.81 0.048 8.59
TBDmean () versus Ty min (°C)
Daily heterotherms 19 0.70 0.09 <0.05 -0.270 22.88 0.31 0.028 7.42 17
Hibernators 4 1.00 1.00 <0.05 -0.446 39.34 0.11 0.564 0.26 2
TBDrnean (h) versus TMR (mL O, g™' h™")
Daily heterotherms 17 0.42 0.04 <0.05 —-0.404 0.59 0.24 0.027 4.66 15
Hibernators 4 0.00 0.01 1.00 -0.523 0.47 0.84 0.032 10.28
Tb min (°C) versus TMR/BMR (%)
Daily heterotherms 18 0.69 0.04 <0.05 1.38 0.51 0.77 <0.001 55.76 16
Hibernators 6 0.00 0.01 1.00 0.100 3.05 0.10 0.482 0.43 4

BM, body mass; BMR, basal metabolic rate; Ty, normothermic body temperature; Ty min, Minimum Tp; TBDmean, Mean torpor bout duration; TMR,
torpor metabolic rate. 'Significance for regression equation.

Table 4 Phylogenetic generalized least squares models for the allometry between traits including measured and estimated values using the
marsupial phylogeny in heterothermic marsupials, with the maximum likelihood (ML) 2 value, slope (b) intercept and regression statistics

Trait relationship N ML A PforA=1 PforA=0 b Intercept R? P2 F d.f.
BM (g) versus TMR (mL O, h™)

Daily heterotherms 35 0.65 0.21 <0.01 0.890 0.42 0.84 <0.001 167.6 33

Hibernators 6 0.00 0.01 1.00 0.574 0.13 0.55 0.036 4.97 4
TBDmean () versus Ty (°C)

Daily heterotherms 34 0.55 <0.001 <0.05 —0.001 34.67 0.01 0.423 0.03 32

Hibernators 6 0.00 0.01 1.00 0.026 30.49 0.51 0.048 4.08 4
TBDmean (h) versus Ty min (°C)

Daily heterotherms 34 0.87 0.30 <0.001 -0.228 23.51 0.32 <0.001 14.8 32

Hibernators 6 1.00 1.00 <0.01 —-0.885 357.0 0.51 0.049 4.10 4
TBDmean (h) versus TMR (mL O, g™' h™)

Daily heterotherms 34 0.49 <0.05 <0.05 —-0.361 0.51 0.29 <0.001 12.80 32

Hibernators 6 0.00 0.01 1.00 -0.619 0.82 0.76 0.012 12.79 4
Tb min (°C) versus TMR/BMR (%)

Daily heterotherms 35 1.00 1.00 <0.001 1.47 0.50 0.76 <0.001 102.2 33

Hibernators 6 0.00 0.01 1.00 0.100 3.05 0.10 0.482 0.43 4

BM, body mass; BMR, basal metabolic rate; T,, normothermic body temperature; Ty min, Minimum Ty,; TBDmesn, Mean torpor bout duration; TMR,
torpor metabolic rate. ?Significance for regression equation.

However, in a recent study, it has been shown that estimating
missing values using phylogeny is the most effective and accu-
rate way to date in estimating missing values, and thus not
only increases the number of values in the database, but also
increases the confidence and reduces bias in the regression
coefficients (Riek & Bruggeman, 2013), which is much more
precise than estimating missing values by allometry alone. A
problem often encountered in phylogenetic analyses is either
the lack of trait data for a species with a known phylogenetic
position or the lack of information on the phylogenetic posi-
tion of this species because of the lack of, for example, molecu-
lar data. Usually, if information on either is missing (trait data
or phylogenetic position), this species would be excluded from
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the analysis, resulting in a reduced confidence and increased
bias of the regression coefficient. However, we had a fully
resolved phylogeny (Bininda-Emonds ez al., 2008) and
missing trait values for some species. Removing missing rows
from the dataset and thus not including the estimates in the
analysis, for example for the relationship between body mass
and TMR in daily heterotherms, had a direct effect on the
allometric exponent. which changed from 0.89 (error 0.069) to
0.77 (error 0.133), reducing the coefficient of determination
from 0.84 to 0.61. Importantly, however, the relationships
remained significant. Thus, including estimates of missing
values, derived on the basis of their phylogeny and body mass,
greatly decreases the error of the regression coefficient.
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Table 5 Cross-validation errors for body mass (BM), basal metabolic
rate  (BMR), torpor metabolic rate (TMR), normothermic body
temperature (Ty), minimum T, (Tp min), Mean torpor bout duration
(TBDmean) and maximum TBD (TBDn.y) in heterothermic marsupials
(n = 35) generated using the PhyloPars program (Bruggeman et al.,
2009; see text for details)

Model
Evolutionary Mean Nearest-neighbour
Trait (logio) model model model
BM (g) 0.039 0.453 0.375
BMR (mL O, h™") 0.013 0.174 0.163
TMR (mL O, h™") 0.014 0.309 0.361
Ty (°C) 0.007 0.012 0.014
To min (°C) 0.057 0.132 0.118
TBDmean (h) 0.107 0.265 0.233
TBDpmax (h) 0.097 0.251 0.292

Garland & Ives (2000) already demonstrated that trait values
can be estimated with higher accuracy and reduced uncer-
tainty if the phylogenetic position of a species is taken into
account. Furthermore, the approach of predicting missing
trait values based on body mass and phylogeny will be very
useful for future tests of hypotheses regarding adaptive
variation.

Heterothermy in marsupials

Our comparative analysis shows that many marsupials are
heterothermic, expressing either daily torpor or hibernation.
Torpor is known to occur in 15% of all marsupials, well above
the percentage for placental mammals or birds (Geiser & Ruf,
1995; McKechnie & Lovegrove, 2002; Lovegrove, 2012). The
high proportion of marsupial heterotherms is likely linked to
some extent to a disproportionally large research effort on the
group, which in turn seems to be related to their perceived
‘primitive’ position that may allow a better understanding of
the evolution of endothermy and heterothermy, rather than a
genuinely higher proportion of heterotherms in marsupials
than in placentals, of which about two-thirds are bats and
rodents containing many heterothermic species.

The diversity of torpor use in marsupials is not only
obvious at the species level, but also at the order and family
level. Whereas in marsupials, most likely at least six of seven
orders contain heterothermic species (it is highly probable that
at least some of the rat-opossums, Paucituberculata, are
heterothermic), only about half of the placental orders contain
known heterotherms. This is reflected in the large number of
marsupial families that contain heterothermic species. These
are more than half of the marsupial families (z = 10), if again
the rat-opossums (Caenolestidae) are included.

With regard to food of heterothermic marsupials, it is not
surprising that torpor has been observed only in families that
eat meat, insects, nectar or other unpredictable and fluctuat-
ing food items. In contrast, families that rely on predictable
leaves and grass, or are omnivorous and are able to switch
diets, seem to contain mainly or exclusively homeotherms.
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The other obvious difference between homeothermic and
heterothermic marsupials is size, as in most placental
mammals, and is explained to a large extent by relative surface
area and mass-specific energy requirements and storage.
Heterothermic marsupials weigh up to 1 kg, but most weigh
less than 50 g. This differs from placentals at the upper end of
the body mass scale, because several large carnivores weighing
up to about 100 kg are heterothermic (Toien ez al., 2011).

The occurrence of torpor in certain taxonomic groups and
the strong phylogenetic signal detected in some of the vari-
ables examined here raise the question regarding the evolu-
tion of heterothermy in marsupials. If heterothermy is an
ancestral trait in the entire infraclass (Geiser, 2008), those
taxa that are now homeothermic must have lost the ability to
use torpor because it was no longer required because of size
or diet. If torpor is polyphyletic in the group, it must have
evolved secondarily from homeothermic ancestors in those
taxa that were energetically challenged by their size, diet or
habitat, but not in those that did not need to use it.
Although the plesiomorphic explanation appears more plau-
sible and is also supported by developmental evidence, recent
data show that torpor expression in marsupials is not
unvarying within a species, but is affected by the environ-
mental conditions of their habitat (Geiser & Ferguson,
2001), which is likely due to selection, and also is known to
occur in placentals (Dunbar & Brigham, 2010; Zervanos
et al., 2010; Stawski & Geiser, 2011). Moreover, short-term
exposure to different temperatures during development can
modify torpor expression within one generation (Riek &
Geiser, 2012). Individuals that experience low temperatures
during development and growth show more frequent and
longer torpor than those raised under warm conditions,
demonstrating that torpor expression is subject of develop-
mental phenotypic plasticity. These findings show that vari-
ables of torpor are not entirely species-specific constants, but
rather are affected by both short-term and long-term factors
that may obscure the evolutionary history of torpor.
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