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Abstract
In animals, fatty acids (FA) are essential as structural components in membranes and for energy storage in adipocytes. Here, we
studied the relative proportions of FA in a mammal with extreme changes in metabolic rates. Common noctule bats (Nyctalus
noctula) switch from energetically demanding long-distance migration at high metabolic rates to regular torpor with extremely
low metabolic rates. We found that composition of FA categories differed between adipose tissue types (white adipose tissue
(WAT) vs brown adipose tissue (BAT)) and muscle tissue types (skeletal vs heart), but not between sexes. We found oleic acid to
be the most abundant FA in all studied tissues. Concentrations of polyunsaturated FA (PUFA) were not always higher in muscular
tissue compared with adipocyte tissue, even though high concentrations of PUFA are considered beneficial for low body
temperatures in torpor. In all tissues, we observed a high content in monounsaturated fatty acids (MUFA), possibly to compensate
for a low PUFA content in the diet. Ratios ofω6/ω3 were lower in the heart than in skeletal muscles of common noctules. Three
FA (palmitic, oleic, and linoleic acid) accounted for about 70% of the FA in adipose tissue, which is similar to proportions
observed in migrating birds, yet migrating birds generally have a higher PUFA content in muscle and adipose tissues than bats.
Bats seem to contrast with other mammals in having a high MUFA content in all tissues. We conclude that FA profiles of bats
differ largely from those of most cursorial mammals and instead are—with the exception of MUFA—similar to those of
migrating birds.
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Introduction

Fatty acids play key roles in structuring cells as phospholipids
and in providing energy for metabolism as triacylglycerols.
The specific relevance of FA varies according to their length
and their level of saturation. FA with at least two double
bonds, so-called PUFA, seem to be particularly versatile since
they are considered important for both high metabolic rates

(e.g., in running mammals: Ayre and Hulbert 1997; Ruf et al.
2006, and migrating birds: Pierce et al. 2005; Maillet and
Weber 2007; Klaiman et al. 2009; Price and Guglielmo
2009; Weber 2009; Price 2010; Weber 2011; Pierce and
McWilliams 2014) and low metabolic rates (e.g., in hiberna-
tors: Florant 1998; Munro and Thomas 2004; Gerson et al.
2008; Ruf and Arnold 2008; Arnold et al. 2015). For high
metabolic rates, PUFA are beneficial because they can be
more rapidly mobilized than the corresponding saturated ali-
phatic chains, although PUFA may yield less energy than the
saturated variant (Price 2010; Pierce and McWilliams 2014).
Yet, based on the same reason, PUFA may also serve as a
better oxidative fuel at low body temperatures than saturated
fatty acids (SFA), e.g., during hibernation (Rosner and Voigt
2018). For low metabolic rates at low body temperatures, i.e.,
in torpid and hibernating mammals, it was argued that the
location of the double bond defines the specific function of
PUFA. Usually PUFA come as two forms in animals. When
the first double bond is located at the third carbon position—
counting from the methyl (ω) end of the aliphatic chain—
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PUFA are called ω3, whereas PUFA are called ω6 when the
first double bond is located at the sixth carbon position.
Specifically, it was argued that the ratio between ω6/ω3 is
essential to ensure activity of cardiomyocytes, heart muscle
cells (Florant 1998; Gerson et al. 2008; Ruf and Arnold 2008).
This expectation is based on the observation that highω6/ω3
ratios in cardiomyocytes enable torpidmammals to lower their
body temperature without compromising important mem-
brane functions such as the activity of the sarcoplasmic retic-
ulum Ca+2 ATPase (SERCA; Ruf and Arnold 2008). Overly
high cytosolic concentrations of Ca2+ are thought to increase
the risk for arrhythmia and cardiac arrest at low body temper-
atures (Ruf and Arnold 2008). Contrary to ω6, ω3 seems to
suppress SERCA activity, yet highω3 concentrations in phos-
pholipids support pathways that promote ATP delivery. In
mammals, high ω6 and low ω3 contents of skeletal
myocytes, skeletal muscle cells, are usually related to the max-
imum running speed (Ruf et al. 2006). Yet, previous studies
have mostly been conducted in species with terrestrial loco-
motion, i.e., cursorial mammals, and only a few about FA
content and exercise performance in bats (McGuire et al.
2013), the only mammalian taxon capable of powered flight.
Bats experience rapid changes in metabolic rates when
switching between flight and torpor (Neuweiler 2000). Such
drastic changes in metabolic rates are particularly relevant for
migratory bats that switch frequently between torpor and en-
durance flight (McGuire et al. 2014; Troxell et al. 2019). FA
content of heart and skeletal muscles must comply with two
extreme conditions in migrating bats. On the one hand, the FA
composition needs to match with the needs associated with
fluctuating body temperatures during both normothermic and
torpid conditions. On the other hand, the FA composition
needs to fulfill the requirements of endurance exercise when
bats travel long distances. A previous study in hoary bats
(Lasiurus cinereus) showed that adipose neutral lipids and
muscle phospholipids differed in FA composition and that
migration and sex affected FA composition and the ratio of
ω6 to ω3 PUFA (McGuire et al. 2013).

Here, we studied the relative composition of FA in muscle
and adipose tissues obtained from common noctule bats
(Nyctalus noctula) during summer migration (note that Bfall^
migration begins in summer months for this species).
Common noctules are known to exhibit partial and directed
migration throughout Europe (Lehnert et al. 2018).
Specifically, we compared the FA profile of common noctules
across brown and white fat tissues and cardiac and skeletal
muscle tissues. Since previous studies indicated sex- and
tissue-specific differences for migratory bats (McGuire et al.
2013), we expected to find differences in FA composition
between males and females and also across tissues. We pre-
dicted to find higher PUFA concentrations in skeletal and
heart muscles than in adipose tissue, because a high PUFA
content in myocytes should be beneficial for low body

temperature conditions during torpor. Further, we hypothe-
sized that ω6/ω3 ratios should differ between muscular tis-
sues (Ruf and Arnold 2008). In particular, we predicted for
migrating bats that heart muscles should have higher ω6/ω3
ratios compared with skeletal muscles in order to prevent ar-
rhythmia and cardiac arrest during torpor (Ruf and Arnold
2008).

Material and methods

Study animals

Since all European bat species are legally protected because of
their critical population status, we refrained from sacrificing
animals for our study. Instead, we used tissue samples from
fresh carcasses ofNyctalus noctula found belowwind turbines
between July and September 2009–2012 in Northeastern
Germany. We assumed that these bats were killed in the night
before they were found; i.e., no more than 6 h passed between
dawn and the time carcasses were deposited in a − 20 °C
freezer at the Vogelschutzwarte Buckow. A recent study dem-
onstrated that FA composition in the heart of small bats
remained stable for at least 12 h post-mortem (Currie et al.
2019). Thus, the FA composition of carcasses used in our
study is likely to remain representative of the FA composition
observed in a living animal. In order to justify this and assess
whether FA composition was different in carcasses to freshly
euthanized animals, we measured the FA composition in one
animal that had to be euthanized (Rosner and Voigt 2018;
animal care and ethics permit, C 113-0340/12). Tissues of this
animal were immediately frozen and later analyzed as with the
other samples. Furthermore, during carcass collection and tis-
sue dissection, carcasses were visually assessed for signs of
decomposition and discarded in case of any obvious
degradation.

We obtained tissue samples of cardiac and skeletal flight
muscles (musculus pectoralis) from 38 bats and 40 bats, re-
spectively. Further, we obtained 33 white adipose tissue
(WAT) samples, the body’s main fat store, and 38 brown ad-
ipose tissue (BAT) samples, specialized fatty tissue for heat
production, as these tissues were not present in all bats. WAT
was sampled from both sides of the bats’ body (thorax and
abdomen) and BAT from the interscapular region of the tho-
rax. Isolated samples were stored at − 80 °C for up to 8months
until analysis.

Sample preparation

Sample preparation and analysis were performed in summer
2013. For each tissue sample, we first rinsed a 16-ml glass vial
(IVA Analysentechnik e.K., Meerbusch, Germany) with
0.5 ml 2:1 chloroform to methanol (Carl Roth GmbH & Co.
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KG, Karlsruhe, Germany), containing 0.01% butylated hy-
droxyl toluene (BHT; Merck KGaA, Darmstadt, Germany).
Then, we weighed 20mg ofWATor BATand 100 mg of heart
or skeletal flight muscle, respectively (model: Microbalance
ME5, Sartorius AG, Göttingen, Germany), thoroughly
minced the tissue, and put it into prepared vials. We added
2 ml of 2:1 chloroform to methanol (0.01% BHT), closed the
vial with a PFTE-lined cap, and shook the vial to mix tissue
and solvent. Then, we incubated the samples for 5 min at room
temperature. Afterwards, 1 ml of 0.25% KCl (Carl Roth
GmbH & Co. KG, Karlsruhe, Germany) was added, and the
vials were placed in a water bath at 70 °C for 5 min (model:
Sonorex Super RK 103H, Bandelin electronic GmbH & Co.
KG, Berlin, Germany), after which two layers formed in the
vial. The lower layer, containing the FA dissolved in chloro-
form, was transferred to a pre-weighed 4-ml glass vial (IVA
Analysentechnik e.K., Meerbusch, Germany) and dried under
nitrogen atmosphere (The Linde Group, Munich, Germany;
model: DB-3A, Bibby Scientific Limited Group (Group Q),
Staffordshire, UK). Dried total lipid samples were weighed
and stored at − 80 °C until gas chromatography.

Total lipid samples were resuspended in 2:1 chloroform to
methanol (0.01% BHT; Caledon Laboratories Ltd.,
Georgetown, ON, Canada) to a concentration of 10 mg/ml.
Then, we transferred 150 μl of this solution into a 2-ml glass
vial (VWR International, Mississauga, ON, Canada), dried it
under nitrogen atmosphere, added 200 μl 0.5 N methanolic
HCl (Sigma-Aldrich Co. LLC, Oakville, ON, Canada), and
incubated the samples at 90 °C for 30 min to transesterify the
lipids to fatty acid methyl esters (FAMEs). Then, we added
800-μl ultrapure water and 500 μl hexane (Caledon
Laboratories Ltd., Georgetown, ON, Canada) and vortexed
the solution for 15 s (model: lab dancer, VWR International,
Mississauga, ON Canada) to dissolve the FAMEs in hexane.
This resulted in the formation of two layers with the upper
layer, containing the dissolved FAMEs, being transferred into
a new 2-ml glass vial. This FA dissolving step was repeated
three times, before samples were dried under nitrogen atmo-
sphere. Then, the purified FAMEswere resuspended in 150 μl
hexane and transferred into a gas chromatography vial with a
Hamilton syringe (VWR International, Mississauga, ON
Canada).

Sample analysis

FA composition was analyzed on an Agilent Technologies
6890N gas chromatograph with a J&W Scientific DB-23
high-resolution column (30 m, 0. 25 mm, 0.25 μm; Agilent
Technologies) and flame ionization detector. The carrier gas
was He, flowing at 1.9 ml min−1, and 1-μl samples were
injected in a splitless mode at 250 °C. The oven program
was 80 °C for 2 min, ramp 5 °C min−1 to 180 °C, hold
5 min 180 °C, ramp 1 °C min−1 to 200 °C, ramp

10 °C min−1 to 240 °C, and hold 3 min 240 °C. FAMEs were
identified by comparing their retention times to those of stan-
dards included in each run (Supelco 37 component FAME
mix, PUFA No. 3 from menhaden oil, FAME mix C8-C24;
Sigma-Aldrich Co. LLC, Oakville, ON, Canada). We also
added a positive and negative control to each run which con-
firmed that the protocol was functional and showed no con-
tamination between samples. Relative mass percent was cal-
culated from peak areas, and only fatty acids comprising > 1%
of total peak area were quantified. Because lipids were not
separated into neutral lipid, polar lipid, and non-esterified fatty
acid fractions before analysis, the fatty acid compositions we
report are mixtures of all fatty acids in the tissues. However,
the compositions of muscles should be dominated by sarco-
lemmal and mitochondrial phospholipids, WAT by triacyl-
glycerol, and BAT by triacylglycerol and mitochondrial
phospholipids.

Statistics

For comparison of FA compositions, we neglected FAwith a
relative contribution of less than 1% to the total fatty acid
profile. We performed a permutational multivariate analysis
of variance using distance matrices, which is appropriate for
comparing relative proportions (adonis2, package vegan;
Oksanen et al. 2013), to assess general differences in the FA
profile of animals between fat tissues (BAT vs WAT) and
muscle tissues (heart vs skeletal muscle). To assess whether
sex had an effect on the fatty acid profile, we added the inter-
action between sex and tissue as a factor as well as individual
to account for repeated measures. Following this, we per-
formed Wilcoxon paired-sign test for pairwise comparisons
of different FA categories (SFA, MUFA, PUFA, ω3, ω6,
and ω6/ω3 ratios) between tissues (SYSTAT, vs 11,
SYSTAT Software GmbH, Erkrath, Germany) and accounted
for repeated testing by adjusting p values using a Bonferroni
correction. All parameters are presented as means ± standard
deviation if not stated otherwise. The level of significance was
set to 0.05.

Results

We compared the FA composition across four tissues of com-
mon noctule bats, specifically heart and skeletal muscles and
brown and white adipose tissues. All bats died at wind tur-
bines in late summer, during the time of migration. Overall,
we observed that oleic acid (18:1ω9) was the most abundant
FA in common noctule bats, contributing between 45 to 57%
of all FA in the studied tissues, followed by linoleic acid (18:2
ω6) or palmitic acid (16:0; Fig. 1). The average FA profile of
bat carcasses did not deviate largely from FA proportions ob-
tained from a single euthanized noctule bat (Fig. 1), except for
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in the heart tissue, where oleic acid was lower and palmitic
acid slightly higher than the carcasses. Permutational multi-
variate analysis of variance revealed that the proportion of
individual FA differed with both tissue type and sex (tissue,
F(3,95) = 54.93; p = 0.001; sex, F(1,95) = 5.88; p = 0.002), likely
related to the greater dispersion of values for females in a
number of individual FA (Fig. 2). However, the effect of sex
was no longer evident when individual FA were combined
into FA categories (SFA, MUFA, PUFA, ω3, ω6) (F1,148 =
1.25, p = 0.276).

After identifying tissue as the parameter explaining the
variation in FA profiles, we compared different FA cate-
gories across all four tissues to determine where these
differences lay (Table 1). We found differences in FA
categories between both the two fat tissues (BAT and
WAT; corrected p = 0.006) and the two muscle tissues
(heart and skeletal muscles; corrected p = 0.006). This
was also true for skeletal muscle when compared with
BAT (corrected p = 0.006) and heart muscle compared
with WAT (corrected p = 0.042). Surprisingly however,
the FA profiles of skeletal muscle and WAT did not differ
significantly (corrected p = 0.438), nor did that of BAT
when compared with heart muscle (corrected p = 0.99).

As PUFA are particularly limiting for these animals, we
specifically focused on the concentration of PUFA and found
a significant difference in this FA category across the muscle
and adipocyte tissues (Friedman, W = 26.6; Kendall coeffi-
cient = 0.444; corrected p = 0.006). PUFA content of heart
and skeletal muscles ranged between about 27 and 30%,
whereas PUFA content of adipose tissue was slightly lower,
ranging between 22 and 24% (Table 1). ω3 PUFA was con-
sistently represented across tissues in a range of 3–5%. The
ratio of ω6/ω3 PUFAwas variable but high across all tissue
types, with the greatest proportional difference in the skeletal
muscle tissue.

Discussion

Common noctules (Nyctalus noctula), a European migratory
bat (Lehnert et al. 2018), face severe physiological challenges
in summer whenmigrating from northern latitudes to southern
wintering areas for hibernation.We expected that the FA com-
position of muscle and adipocyte tissues would adjust to both
the need for high endurance exercise during migratory flights
and for variable body temperatures during torpor. We found

Fig. 1 Proportion of fatty acids
(FA) in relation to total FA in four
tissues ((A) WAT = white adipose
tissue, BAT = brown adipose tis-
sue; (B) skeletal and heart mus-
cle) of N. noctula from summer.
The solid lines indicate the pro-
portion of fatty acids collected
from a single euthanized
N. noctula for comparison. The
polyunsaturated FA (PUFA)
linoleic acid, for example, is
depicted as 18:2ω6, stating that
the carbon chain counts 18 atoms
and that there are two double
bonds with the first being at the
sixth position of the FA chain
counted from the methyl end of
the FA chain
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that there was no broad effect of sex on the composition of FA
categories but that many tissues differed significantly in their
FA profile. This contrasts with an earlier study in a North
American migratory bat, L. cinereus, where males had higher
ω6/ω3 ratios in skeletal muscle than females during spring
migration (McGuire et al. 2013), a pattern that matched with
the expectation that females used torpor less often than males
owing to the pregnancy of females in spring. This likely cause

for a sex-specific difference inω6/ω3 ratios is absent in sum-
mer when we collected carcasses for this study. Overall, ω6/
ω3 ratios were about tenfold higher in the flight muscle of
N. noctula than in L. cinereus, which may suggest that com-
mon N. noctula use torpor more often in late summer than
L. cinereus in spring. Alternatively, ω6/ω3 ratios of
N. noctula migrating in late summer were possibly elevated
because bats prepared for hibernation or they consumed in-
sects that were more enriched inω6 and depleted inω3 than
L. cinereus migrating in spring.

We found differences in FA composition across all four
studied tissues. The most abundant FA was oleic acid, a
MUFA, followed by either a PUFA (linoleic acid, 18:2) or a
SFA (palmitic acid, 16:0). The higher PUFA content in mus-
cular tissue was partly consistent with our expectation for
higher PUFA enrichments in the membrane-rich heart and
skeletal muscles compared with adipose tissue (WAT and
BAT). Assuming that the PUFA content of adipose tissue gen-
erally reflects the dietary PUFA content (Abbott et al. 2012),
we infer that the PUFA content of dietary insects should be
about 23%. Possibly, common noctules may have obtained
PUFA from terrestrial Coleoptera such as scaraboid beetles
(Geotrupes, among others), a prey item that has been

Fig. 2 Raw concentrations of
fatty acids as a proportion of total
FA in four tissues for N. noctula
females (dark gray circles) and
males (light gray circles) with
mean values represented by solid
black bars. There was a
significant effect of sex across
both muscle and adipose tissues,
likely related to dispersion of data
for females, which is unlikely to
be biologically relevant as this
effect disappeared when FAwere
grouped into corresponding
categories based on saturation

Table 1 Percentage composition of FA categories and ratios in skeletal
and heart muscle and in BATandWAT. There was a significant difference
in FA composition between the fats and muscles and between heart
muscle and WAT and skeletal muscle and BAT (superscript letters
indicate statistical significance). This was not true for heart tissue and
BAT or for skeletal tissue and WAT

Heart musclea,c Skeletal muscleb,d BATa,e WATb,f

SFA 35.6 ± 6.4 28.4 ± 3.4 25.0 ± 4.7 23.7 ± 2.4

MUFA 36.5 ± 9.2 42.1 ± 5.7 53.0 ± 7.1 55.3 ± 8.3

PUFA 27.9 ± 4.4 29.5 ± 4.6 22.0 ± 5.4 21.0 ± 8.0

ω3 3.3 ± 1.7 3.3 ± 2.1 3.3 ± 2.1 4.2 ± 4.2

ω6 24.4 ± 4.5 26.0 ± 4.6 18.5 ± 5.7 16.3 ± 6.3

ω6/ω3 9.2 ± 4.6 11.2 ± 6.4 8.2 ± 5.3 6.7 ± 4.9
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confirmed to dominate the diet of common noctule bats during
summer and autumn (Poulton 1929; Kolb 1958; Gloor et al.
1995; Jones 1995). Further, we found low concentrations of
docosahexaenoic acid (22:6n3) and a low ratio of
docosahexaenoic to linoleic acids in adipose tissue, indicative
of a diet consisting of terrestrial insects (Koussoroplis et al.
2008; Lam et al. 2013). This contrasts with the diet of North
American L. cinereus, where docosahexaenoic acid was
among the most abundant FA in flight muscle phospholipids,
making up about 18% of all FA during spring migration
(McGuire et al. 2013). While this could indicate differences
in the diet of these two migratory species, it could also be
reflective of the differences in methodology between the two
studies. McGuire et al. (2013) isolated phospholipids while
our study is looking at whole tissue values and therefore in-
cludes neutral lipid droplets in muscle tissue.

We observed relatively high concentrations of MUFA, spe-
cifically oleic acid, in samples collected from N. noctula dur-
ing summer migration, for example, ~ 53% in BAT, ~ 55%
WAT, ~ 37% in heart muscle, and ~ 42% in skeletal muscle.
Apart from one exception, the pattern was consistent with
high MUFA concentrations in muscular tissue and adipocytes
of other bat species (Table 2). The highMUFA concentrations
in muscular tissue of bats contrasted with low values reported
for the muscle phospholipids of cursorial mammals, particu-
larly in those with high running ability (13.8 ± 1.5% in: Ruf
et al. 2006; Valencak and Ruf 2007). We reject the hypothesis
that the low PUFA and high MUFA contents in tissues of
common noctules were caused by rapid oxidation of PUFA
during decomposition of carcasses, because a recent valida-
tion study demonstrated only minor degeneration of FA over
several hours of decomposition (Currie et al. 2019).
Additionally, the FA profile of a single euthanized noctule
bat did not deviate largely from that of all other animals of
the carcass collection. Instead, we argue that the diet of most
bat species may be PUFA depleted or have low fat content,

and thus consumption of MUFA-enriched dietary items or de
novo synthesis of MUFA from dietary protein and carbohy-
drates may be the only way for bats to incorporate FAwith at
least one double bond in phospholipids and triacylglycerols. A
compensatory inclusion of MUFA instead of PUFA has also
been suggested for hibernating echidnas (Tachyglossidae;
Falkenstein et al. 2001). In contrast to the suggested PUFA
limitation, at least one bat species, R. microphyllum, seems to
have PUFA-enriched WAT and particularly heart muscle in
relation to their diet, underlining that R. microphyllum may
be able to reach relatively high PUFA contents in their tissues,
even in the presence of a low PUFA diet (~ 23% PUFA in the
heart muscle of R. microphyllum; Levin et al. 2013).

In cursorial mammals, maximum running speed decreased
with increasing MUFA content of muscle phospholipids (Ruf
et al. 2006), which contrasts with the high MUFA content of
bat myocytes and the ability of bats for extended high exercise
performance when foraging and migrating on the wing. PUFA
content of skeletal myocytes in common noctules was typical
for an average cursorial mammal, yet only about half of that
recorded for similar-sized Insectivora (range of PUFA 53–
62%; range of MUFA 11–14%), and higher than the PUFA
content of skeletal myocytes in most similar-sized rodents
(range of PUFA 15–20; range of MUFA 27–33%, Ruf et al.
2006) with the exception of deer mice (Peromyscus
maniculatus) that also reach high PUFA contents in skeletal
muscles (Geiser et al. 2007). In common noctules, ω6 PUFA
content of skeletal myocytes was at the lower end of those
values typical for cursorial mammals, but higher than that of
closely related and similar-sized Insectivora. Considering the
high metabolic rates of flying bats, particularly during
prolonged migratory flights, we expected that ω6 concentra-
tions in skeletal myocytes of N. noctula would reach values
similar to those of cursorial mammals with high maximum
running speeds (Ruf et al. 2006). The contrasting results lead
us conclude that the high exercise physiology of bats seems

Table 2 Comparative percentages of MUFA reported for muscle and adipose tissues in other insectivorous bat species compared with one frugivorous
bat (*). na not available

Species WAT Skeletal
muscle

Heart
muscle

Total body
fat

BAT

Lasiurus cinereus > 60% > 20% na na na (McGuire et al. 2013)

Myotis lucifugus na na na ~ 54% 62–76% (Wells et al. 1965; Ewing et al. 1970; Warner and Zar
1982)

Myotis thysanodes na na na ~ 58% na (Ewing et al. 1970)

Myotis yumanensis na an na ~ 60% na (Ewing et al. 1970)

Neoromicia nana* na na na na 3% (Hill et al. 2016)

Pipistrellus pipistrellus 48–56% na na na 42–54% (Arévalo et al. 1990)

Pipistrellus kuhli ~ 50% na ~ 28% na na (Levin et al. 2013)

Rhinopoma
microphyllum

~ 45% na ~ 32% na na (Levin et al. 2013)
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not to be impaired by the high MUFA and relatively low
PUFA contents of skeletal or cardiac muscles.

The convergent evolution of powered flight imposed sim-
ilar selective forces on bats and birds, yet the physiology of
migration differs in various ways between these two taxa, with
so far unknown consequences for the FA profiles of their
tissues. For example, bats, but not birds, routinely enter torpor
during migration when stopping between flights of consecu-
tive nights (Wikelski et al. 2003; McGuire et al. 2014). In
addition, bats might forage during migratory flights, a behav-
ior that has been called aerial refueling (Voigt et al. 2012).
Thus, they do not seem to power migration exclusively by
oxidizing lipids, which are the main oxidative fuel for most
migratory birds (Pierce et al. 2005; Maillet and Weber 2007;
Klaiman et al. 2009; Price and Guglielmo 2009; Weber 2009;
Price 2010; Weber 2011). A meta-analysis conducted for the
FA profiles of migrating birds revealed several patterns that
can partly be observed in migratory bats as well. For example,
migratory birds store mostly 16- and 18-carbon FA in adipo-
cytes (McWilliams et al. 2004). Specifically, palmitic acid
(16:0), oleic acid (18:1 ω9c), and linoleic acid (18:2 ω6c)
accounted for at least 75% of the FA in adipocytes of migrat-
ing birds (McWilliams et al. 2004). These three FA comprised
also ~ 70% of all FA in the adipose tissue of N. noctula (this
study) and ~ 66% of all FA in adipocytes of L. cinereus
(McGuire et al. 2013). Yet, hibernating mammals have also
similar cumulative enrichments of these FA (Carneheim et al.
1989; Arnold et al. 2011). Thus, it is unclear if a high concen-
tration of these FA is caused by the physiological needs im-
posed by low or high metabolic rates.

Conclusions

Similar to most other bats that have been studied so far with
respect to FA profiles, we found high MUFA contents in all
studied tissues of common noctule bats. This contrasts with
previous inferences that highω6 content, but not high MUFA
content, is beneficial for mammals with high exercise physi-
ology. Thus, we conclude that FA profiles of bats differ largely
from those of most cursorial mammals. About 70% of all FA
comprised one SFA (palmitic acid), one MUFA (oleic acid),
and one PUFA (linoleic acid). With the exception of the high
MUFA content, FA profiles of migrating bats appear to be
similar to some extent to those of migrating birds. Further
detailed studies comparing seasonal changes in fatty acid
compositions of triacylglycerol and phospholipid fractions of
muscles and adipose tissues of migratory and non-migratory
bats are needed to better understand how fatty acids relate to
migration and hibernation.
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