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Introduction

Abstract

BMR (Basal metabolic rate) is an important trait in animal life history as it rep-
resents a significant part of animal energy budgets. BMR has also been shown
to be positively related to sustainable work rate and maximal thermoregulatory
capacity. To this date, most of the studies have focused on the causes of inter-
specific and intraspecific variation in BMR, and fairly little is known about the
fitness consequences of different metabolic strategies. In this study, we show
that winter BMR affects local survival in a population of wild blue tits (Cyanis-
tes caeruleus), but that the selection direction differs between years. We argue
that this fluctuating selection is probably a consequence of varying winter cli-
mate with a positive relation between survival and BMR during cold and harsh
conditions, but a negative relation during mild winters. This fluctuating selec-
tion can not only explain the pronounced variation in BMR in wild popula-
tions, but will also give us new insights into how energy turnover rates can
shape the life-history strategies of animals. Furthermore, the study shows that
the process of global warming may cause directional selection for a general
reduction in BMR, affecting the general life-history strategy on the population
level.

demonstrated to influence BMR, for example, rearing
conditions (Verhulst et al. 2006), maternal effects (Tobler

BMR (Basal metabolic rate) is probably one of the most
commonly measured physiological traits in endothermic
animals. It represents the minimal energy expenditure for
a resting, fasting animal at thermoneutrality and thus rep-
resents the lowest sustainable energetic cost of running
and maintaining the body (McNab 2002). In most cases,
BMR represents a significant proportion of animal energy
budgets (Speakman 2000; Burton et al. 2011), as well as
being positively related to sustained peak work rate
(Hammond and Diamond 1997; Nilsson 2002), and is
therefore an important trait in the life of endothermic
animals.

In most species, intraspecific variation in BMR is fairly
large, but individual BMR is generally repeatable over
both short and long timescales (Labocha et al. 2004; Ren-
ning et al. 2005; Broggi et al. 2009), indicating a consis-
tent interindividual variation. This consistency in
individual levels of BMR may depend on both genetic
and nongenetic effects. Both of these have been
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et al. 2007; Nilsson et al. 2011), and heritability (Konar-
zewski et al. 2005; Renning et al. 2007; Nilsson et al.
2009; Wone et al. 2009; Careau et al. 2011).

Common garden experiments have shown that the dif-
ferences in BMR between populations have a strong
genetic component (Wikelski et al. 2003; Broggi et al.
2005). Moreover, a selection experiment in mice has
shown that BMR responds to artificial selection (Ksiazek
et al. 2004; Gebczynski and Konarzewski 2009). This
shows that BMR has a genetic component and thus that
the average trait value could also change in the wild due
to the selection. However, as is the case for many physio-
logical traits, BMR also exhibits a great deal of phenotypic
plasticity (Tieleman et al. 2003; Swanson 2010). This phe-
notypic plasticity is manifested both in reversible intrain-
dividual seasonal variation in sedentary animals — for
example, an increase in BMR during winter (McKechnie
2008) — and as short-term adjustments in relation to
immediate variation in the environment — for example,
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Fluctuating Selection on BMR

an increase in BMR in response to decreasing tempera-
tures (Broggi et al. 2007; McKechnie 2008). Thus, each
genotype can produce a range of phenotypic trait values
in response to, for example, variable ambient tempera-
ture, that is, reaction norms. However, the variation in
the shape of the reaction norm seems to also include
additive genetic variation (Broggi et al. 2005; McKechnie
2008).

In both small birds and small mammals, BMR increases
gradually with latitude (Wiersma et al. 2007; Raichlen
et al. 2010; Smit and McKechnie 2010). Species living at
high latitudes, in cold environments, generally have
higher BMR than species living at low latitudes in hot
and arid environments. This relation is also common
within species (Broggi et al. 2004), and BMR is generally
higher in winter than in summer in at least some small
temperate birds (Cooper 2002; Liknes et al. 2002;
McKechnie 2008; Swanson 2010). This increase in BMR
in cold environments has been suggested to be function-
ally correlated with improved cold resistance and to be
part of the winter acclimatisation process (Liknes and
Swanson 1996; White et al. 2007; Smit and McKechnie
2010). Moreover, a direct, positive relation between sea-
sonally increased BMR and temperature-induced summit
metabolism is usually also found (Liknes and Swanson
1996; Liknes et al. 2002). Furthermore, experimentally
induced reductions in ambient temperature generally
result in an increase in BMR after some acclimation time
(McKechnie 2008; Caro and Visser 2009), a relation that
also holds within individuals (McKechnie et al. 2007).
Thus, it seems that decreasing ambient temperatures, call-
ing for increased capacity for thermogenesis, commonly
result in an increased BMR. Individuals with a high BMR
also have a better capacity to respond to a sudden
decrease in temperature and still maintain energy balance
than individuals with a low BMR (Ksiazek et al. 2009).

Given the pronounced portion of the total energy turn-
over rate that can be ascribed to BMR (e.g., thermoregu-
lation during the night at a temperature of 0°C in blue
tits and —10°C in great tits (Parus major) increases the
metabolic rate by 0.6 and 0.8 times BMR, respectively)
(Nilsson and Svensson 1996; Broggi et al. 2004), it is rea-
sonable to expect that variation in BMR will lead to fit-
ness differences. Fitness consequences of interindividual
variation in BMR have received comparatively little atten-
tion, especially in natural conditions (Burton et al. 2011).
In the few studies looking for a relation between survival
and BMR, both negative (Larivée et al. 2010) and positive
(Jackson et al. 2001) relations have been found. Together
with the large variation between individuals found in
many populations (Versteegh et al. 2008), this could indi-
cate either weak selection on BMR or spatially or tempo-
rally varying selection pressures. The link between BMR
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and fitness has also been proposed to be context depen-
dent, possibly allowing different metabolic phenotypes to
be favoured depending on the prevailing conditions (Bur-
ton et al. 2011).

In this study, we investigated how winter BMR affected
the survival from the winter to the following breeding
season in a wild population of blue tits. Many animals
experience highest mortality during the winter months,
and as environmentally induced metabolic requirements
increase during the winter, we predict that variation in
BMR should have a pronounced effect on survival.

Materials and Methods

The study was conducted on a population of free-living
blue tits in southern Sweden (55° 42’ N, 13° 28 E)
between 2004 and 2006. Temperature data were obtained
from a climate station in the middle of the study area.
Birds were caught during winter while roosting in nest
boxes, and BMR was measured the same night as the
overnight oxygen consumption (VO,) in an open-circuit
respirometer. The metabolic measurements lasted until
the morning (before dawn) to ensure that the BMR mea-
surement was taken when the birds were in a postabsorp-
tive state. Each bird was placed in a sealed Plexiglas®
chamber (1.6 L) and then placed in the darkness of a cli-
mate cabinet (type VEM 03/500, Heraeus Votsch, Hanau,
Germany) at 25°C, that is, within their thermoneutral
zone. The respirometer consisted of two identical blocks,
each with a carbon dioxide analyser and an oxygen analy-
ser. Within a block, an automatic valve control system
was used to switch between the two chambers and base-
line every 20 min, thus allowing the measurement of four
birds per night (two per block). All chambers had their
own pump, ensuring an even airflow through the cham-
bers at all times. Air was pulled from the respirometer
chamber and dried with silica gel before passing through
the carbon dioxide analyser (Servomex 1440 two-channel
analyzer, Crowborough, U.K.), after which it passed
through the oxygen analyser (Servomex 4100 two-channel
analyser, Crowborough, U.K.). The carbon dioxide analy-
ser was zero-calibrated with pure nitrogen (99.998% N,).
The oxygen analyser was also zero-calibrated with pure
nitrogen and then calibrated with dry ambient air to
20.95% oxygen before measurements started each evening.
High-precision flow meters (Bronkhorst HI-TEC, Ruurlo,
the Netherlands), positioned before the carbon dioxide
analyser, were used to adjust the flow rate to
166 mL min . This flow rate was chosen because,
assuming an oxygen consumption of 0.77 mL O, min ™'
(Nilsson and Svensson 1996), it would reduce the propor-
tion of oxygen in excurrent air to 20.5% and would
thereby be within the range of best accuracy of the
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oxygen analyser. Oxygen and carbon dioxide concentra-
tions were automatically recorded on a Squirrel data log-
ger (model 1202, Grant instruments, Cambridge, U.K.)
every minute throughout the measurement sessions. VO,
and VCO, were calculated according to the equation in
Withers (2001), accounting for the fact that CO, was not
scrubbed prior to the measurements. The lowest 10-min
running average of VO, was used as a measure of BMR,
excluding the first two minutes in all measurement cycles
to allow the flushing of the respirometer. The RQ (respi-
ratory quotient) was calculated as RQ = VCO,/VO..
Before dawn, all birds were returned to the nest box
where they had been caught, to minimise any potential
disturbance. All birds were ringed with individually num-
bered aluminum rings. No birds in the study were sam-
pled more than once.

Birds that were recaptured in the population during
the following breeding season or later (until winter 2008)
were categorised as survivors. Birds that were not
resighted could have either died or dispersed. However,
dispersal is unlikely as the study was conducted during
winter and most blue tit dispersal occurs during the
autumn. Furthermore, from the distribution of ages and
sexes among the birds roosting in the nest boxes com-
pared with the population in general, we concluded that
it is the most dominant segment of the population that
has access to the boxes. This is further strengthened by
actual spring dispersal distances from roosting to breeding
nest box as 63% of first-year breeders were found to
breed in the same nest box pair and 86% bred within
300 m of their roosting box. The longest dispersal dis-
tance between roosting box and breeding box was
2300 m. In a study site of 64 km? this implies that few
roosting birds subsequently dispersed to other areas
before breeding. The density of the boxes in our study
area was low; thus, some blue tits bred in natural cavities
within the study area. We assumed that the sample of
blue tit pairs breeding in the boxes is random in relation
to BMR. The fixed number of nest boxes in combination
with a preference for nest boxes over natural cavities also
results in low variation in the number of nest box occu-
pants between years. During the winter 20042005, birds
were caught between 27th of December and 3rd of Febru-
ary; during the winter 2005-2006, birds were caught
between 1st of December and 21st of February.

All statistics were calculated in SAS 9.3(SAS Institute
Inc., Cary, NC, USA). A general linear mixed model was
used to calculate BMR residuals (BMR as a dependent
factor, body mass as a covariate, and respirometer chan-
nel as a random factor). The Satterthwaite approximation
was used to calculate the denominator degrees of free-
dom. A linear probability model (SAS GENMOD with
logit function) was used to model the survival probability

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Fluctuating Selection on BMR

in relation to BMR residuals, age, sex, tarsus length, year,
and date of capture. All two-way interactions were
included in the initial model. Factors, covariates, and
interactions with P > 0.1 were removed from the final
model.

Results

In total, 167 individuals were included in the study
(2004—2005: 92 birds; 2005-2006: 75 birds). Residual
BMR was used to control for the factors affecting winter
BMR in the survival analysis (respirometer channel as
random factor and mass as a covariate; mass:
Fi162 = 152.94, P < 0.001). Survival was related to resid-
ual BMR, but the direction of selection differed between
the two winters (GENMOD: residual BMR X year:
%> = 4.59; P = 0.032). In the winter 2004-2005 (Fig. 1A),
selection favoured the birds with low residual BMR (re-
gression coefficient: 7.44 + 6.74), while in 2005-2006
(Fig. 1B), it favoured the birds with relatively high resid-
ual BMR (regression coefficient: 11.69 & 6.44). The over-
all effect of residual BMR for the two winters combined
was nonsignificant (residual BMR: y* =0.31; P=0.58).
Survival probability did not differ between the two win-
ters (XZ = 1.85; P = 0.17), but males and older birds were
more likely to survive than females and first-year birds
(sex: x* = 4.58; P = 0.032, age: * = 5.53; P = 0.019).

Temperature characteristics differed between the two
winters (Table 1). The first winter was quite mild and
had only a few days with snow cover, while the second
winter was colder and with snow cover lasting for several
weeks. Whereas snow coverage does not affect the ther-
moregulatory costs, it can potentially affect foraging costs
negatively, thereby adding to the costs of the lower
temperature.

Discussion

Here, we show that BMR is related to winter survival in a
wild population of blue tits and that the direction of this
direct or indirect selection can vary between vyears.
Although we can only speculate about the underlying
causes of this pattern, it seems likely that this fluctuating
selection could be explained by differences in meteorolog-
ical conditions in the two winters (Table 1). Metabolic
requirements are known to increase during the winter
(Swanson 2010) at the same time as food availability and
time for acquiring the food decrease. This induces a
strong selection pressure for utilising energy in an effi-
cient way, and even small differences in the pattern of
energy acquisition and allocation are likely to have sub-
stantial fitness effects. In the temperate region, thermoreg-
ulation makes up a large part of the daily energy budget
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Figure 1. Survival probability in relation to basal metabolic rate
between years. Survival of blue tits from the winters 2004/2005 (A)
and 2005/2006 (B) until the next breeding season, as a function of
BMR (basal metabolic rate). Squares represent actual survival
(1 = survived). The lines represent survival probabilities for residual
BMR (cubic splines, thick solid line + SE, broken line) controlling for
the effects of respirometer channel (random factor) and mass
(covariate).

during winters and the cost increases rapidly with
decreasing ambient temperatures (McNab 2002; McKech-
nie 2008). In contrast to mammals, birds only thermoreg-
ulate by shivering their muscles (especially the large
pectoral muscle), and in line with this, several studies
have found a link between BMR and maximal thermoreg-
ulatory capacity (Liknes and Swanson 1996; Liknes et al.
2002). A similar link has been found between BMR and
susMR (sustainable metabolic rate) (Nilsson 2002; Tiele-
man et al. 2008; Sears et al. 2009). An increase in maxi-
mal thermoregulatory capacity or susMR requires an
increased mass of energy-supplying organs such as intesti-
nes, liver, kidney, and heart as well as increased muscle
mass to sustain shivering thermogenesis (Raichlen et al.
2010; Zhang et al. 2015). These organs and muscles are
also very metabolically active, establishing the functional
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Table 1. Climate characteristics of the two winters included in the
study. Mean (£SE) daily average and minimum temperature (°C) as
well as the number of days with a mean average daily temperature
below 0.0°C for the period 1 December-28 February in the winters
2004/2005 and 2005/2006. The normal mean temperature (WMO:
1961-90) for the period was 0.0°C.

Mean (+SE) Days with
Mean (+SE) min. temp. mean temp.
temp. (°C) (°Q) below 0.0°C
Winter 2004-2005 1.96 + 053 —-041+£062 10
Winter 2005-2006 — 0.46 & 0.30 —-3.06 £042 20

link between BMR and susMR (Nilsson 2002; Raichlen
et al. 2010). Selection on these energy-supplying organs is
probably the reason for observed variation in BMR in
cold environments.

During the second winter of this study, the mean tem-
perature was lower (Table 1) and consequently the need
for high cold resistance and the resulting thermoregula-
tory costs were higher than during the previous winter.
During these conditions, it is therefore not surprising that
birds with high BMR survive better (Fig. 1B), because the
high BMR allows them to have a high capacity of ther-
mogenesis. As has been argued for selection on personali-
ties (Careau et al. 2008), in situations when a high
susMR is needed, selection will indirectly favour individu-
als with a high BMR. This selection pressure will, how-
ever, potentially be lessened when the need of a high
susMR or high thermogenesis capacity is relaxed. High-
BMR individuals could then instead be selected against,
as they still have to pay the cost of higher energetic needs
without the advantage of a need for increased thermoreg-
ulatory capacity. Thus, during a mild winter, as in the
first year of the study, there is no need for high rates of
thermogenesis and a high BMR would then be disadvan-
tageous as it only leads to costs in the form of increased
food requirements and potentially increased risks of pre-
dation. This is in line with the generally observed reduc-
tion in BMR at southern latitudes, with a reduced need
for high rates of thermogenesis, compared to more north-
erly latitudes although ambient temperatures may be well
below the thermoneutral zone in both areas (Broggi et al.
2004).

We suggest that the temporally varying selection pat-
tern that we found, together with a trait heritability of
0.59 in this population (Nilsson et al. 2009), will produce
a substantial variation in BMR in the wild. In line with
our study is the finding that the relation between repro-
ductive success and metabolic rate of bank voles (Myodes
glareolus) also varies between seasons (Boratyn’ski and
Koteja 2010). These examples of fluctuating selection,
together with the evidence that selection on BMR can be
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sex dependent (Boratyn’ski and Koteja 2010; Boratyn’ski
et al. 2010), corroborate the recently proposed “context
dependence” hypotheses for the relation between BMR
and fitness (Burton et al. 2011). Fluctuating selection
could not only explain the pronounced variation in BMR
in wild populations, but will also give us new insights
into how energy turnover rates can shape the life-history
strategies of animals. Because the selection direction
seems to depend on the winter conditions in our case,
the favoured metabolic phenotype will vary between years.
As BMR has been suggested to be intimately related to
life-history variation, for example, in reproductive strate-
gies along a fast-slow axis (Wikelski et al. 2003), this
variation may be predicted to also differ between years
according to the selective process during the previous
winter. Furthermore, in a global warming scenario, selec-
tion on winter survival may result in a directional reduc-
tion in BMR, potentially indirectly affecting the general
life history in the population favouring low BMR geno-
types with a slow rate of living.
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