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ABSTRACT

Plasma metabolite concentrations can be used to understand nu-
tritional status and foraging behavior across ecological contexts
including prehibernation fattening, migration refueling, and var-
iation in foraging habitat quality. Generally, high plasma concen-
trations of the ketone 3-hydroxybutyrate, a product of fat catab-
olism, indicate fasting, while triglycerides indicate recent feeding
and fat accumulation. In recent studies of insectivorous bats, tri-
glyceride concentration increased after feeding as expected, but
B-hydroxybutyrate also unexpectedly increased rather than de-
creased. An aerial-hawking foraging strategy is energetically de-
manding, and thus it has been hypothesized that foraging by in-
sectivorous bats requires catabolism of stored fat. We tested this
hypothesis by quantifying plasma (8-hydroxybutyrate and triglyc-
eride concentration following feeding in little brown bats (Myotis
lucifugus) that were temporarily housed in individual cages to pre-
vent flight. We provided a fixed amount of food and collected
blood samples at different intervals after feeding to produce var-
iation in plasma metabolite concentrations. Plasma triglyceride
concentration responded as predicted, but similar to previous
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studies and contrary to our prediction, when flight was eliminated
plasma (3-hydroxybutyrate concentration responded similarly
to triglyceride. Thus, it is unlikely that the unexpected plasma
(-hydroxybutyrate patterns observed in previous studies were
related to flight. The mechanism underlying this unexpected pat-
tern remains unknown, but the response has been consistent in
all studies to date. Thus, plasma metabolite analysis provides an
effective tool for studies of nutritional status, although more work
is needed to understand why insectivorous bats respond differ-
ently than other taxa.

Keywords: 3-hydroxybutyrate, triglyceride, aerial hawking, Chi-
roptera, insectivore, hibernation energetics, white-nose syndrome,
feeding rate.

Introduction

Balancing the acquisition and expenditure of energy is critical for
all organisms (Kronfeld-Schor and Dayan 2013), and trade-offs
associated with energy balance can influence survival during pe-
riods of low resource abundance (Bailey et al. 2012; Moeller et al.
2013; Saino et al. 2014; Womble et al. 2014; Boyles et al. 2016).
Techniques that can be used to estimate energy acquisition and
expenditure in wild populations can aid fundamental ecological
studies as well as conservation and management (Williams et al.
2007; Bailey et al. 2012). While techniques to quantify energy ex-
penditure, such as respirometry or doubly labeled water, are well
established (Lifson et al. 1955; Lighton 2008), obtaining direct mea-
surements of energy acquisition (i.e., food intake) in free-ranging
organisms can be more challenging (Humpbhries et al. 2003). Be-
havioral studies (e.g., focal observations) are an effective way to
quantify energy acquisition for some species (e.g., Humphries et al.
2002), but observing many species in the act of feeding is difficult
to impossible, particularly for small-bodied or cryptic animals. An-
other technique is to record changes in body mass over subsequent
captures, but for many species the low likelihood of recapture
precludes this approach. Alternative methods are therefore nec-
essary to quantify energy acquisition in free-living animals.
Plasma metabolite analysis provides an opportunity to estimate
patterns of energy acquisition without relying on direct observa-
tion (Jenni-Eiermann and Jenni 1994; Mellish et al. 2001; Zajac
etal. 2006; McGuire et al. 2009a; Kelm et al. 2011; Priceetal. 2012).
Plasma metabolite analysis has been used to assess stopover re-
fueling rates (Schaub and Jenni 2001; Guglielmo et al. 2005; Zajac
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et al. 2006), foraging habitat quality (Guglielmo et al. 2005; Wil-
liams et al. 2007; Cravens and Boyles 2019), and demographic and
population differences in fueling rates (McGuire et al. 20095, 2016;
Boyles et al. 2016), as well as to compare strategies for energy bal-
ance of migratory versus nonmigratory individuals (Boyle et al.
2010). These studies quantified concentrations of one or more
metabolites, including 3-hydroxybutyrate or triglycerides, both of
which reflect changes in metabolic state as a function of fuel intake,
assimilation, and mobilization. Dietary triglycerides are digested,
absorbed in the intestine, and stored in adipocytes (Lehner and
Kuksis 1996; Mead et al. 2002) for future liberation and use as met-
abolic fuel. Other macronutrients, including lipids, carbohydrates,
and proteins, can be converted into triglycerides in the liver, which
can then be found in circulation en route to storage in adipocytes
or for use by tissues (Cryer 1980; Mead et al. 2002). Thus, triglyc-
eride concentrations increase following feeding, regardless of the
composition of the diet, and can be considered a feeding indica-
tor. Moreover, metabolites provide relative indications of feeding
rate. In a feeding trial experiment, switching Wilson’s warblers
(Cardellina pusilla) from a low to a high feeding rate resulted in
increased plasma triglyceride concentration, with the increase ob-
served within 10 min of the change in feeding rate (Zajac etal. 2006).

Stored nutrients provide energy during periods of fasting, and
because carbohydrate stores are limited, fat is the primary fuel for
most tissues during fasting. However, fatty acids cannot cross the
blood-brain barrier, and therefore a constant supply of glucose is
required to support the high metabolic costs of the brain (Raichle
and Gusnard 2002). Ketone bodies, such as 3-hydroxybutyrate,
can be used as an alternative fuel source by the brain and other
tissues and are typically found in high concentration in circula-
tion during fasting (Robinson and Williamson 1980; Zajac et al.
2006). In the Wilson’s warbler feeding experiment described
above, there was an inverse relationship between triglyceride and
B-hydroxybutyrate concentration, with §-hydroxybutyrate con-
centration decreasing with increased feeding rate (Zajac et al. 2006).
Therefore, in most animals assessed to date plasma triglyceride con-
centration serves asa feeding indicator and plasma 3-hydroxybutyrate
serves as a fasting indicator. Together, predictable profiles of these
plasma metabolites can be used to assess the nutritional status of
animals captured once, without the need for direct observation of
foraging or subsequent recapture.

Birds are among the best-studied taxa in the context of plasma
metabolites and energy assimilation (Jenni-Eiermann and Jenni
1994; Schaub and Jenni 2001; Guglielmo et al. 2002, 2005; Seaman
et al. 2005, 2006; Cerasale and Guglielmo 20064, 2006b; Zajac
et al. 2006; Anteau and Afton 2008). Despite similarities between
temperate-zone birds and bats, few studies have quantified energy
acquisition for bats (but see McGuire et al. 20094, 2009b; Boyles
et al. 2016; McGuire et al. 2016). Understanding energy acqui-
sition and assimilation for temperate-zone bats is critical because
they regularly face situations of extreme energetic demand and/or
low energy availability (e.g., pregnancy and lactation, migration,
hibernation). Some temperate-zone bats, including little brown
bats (Myotis lucifugus), may hibernate for >240 d (Norquay and
Willis 2014), and prehibernation fat stores appear to influence both
within-hibernation energetics and emergence phenology (Jonas-

son and Willis 2012; Norquay and Willis 2014; Czenze and Willis
2015; Czenze et al. 2017). Fat storage in autumn likely influences
future survival and reproduction and may be especially important
for winter survival from white-nose syndrome (WNS), a recently
emerged fungal disease devastating populations of little brown
bats and other hibernating species across eastern North America
(Frick et al. 2017). Among other pathophysiology, WNS causes
increased frequency of arousals and torpid metabolic rate during
hibernation, dramatically increasing energy expenditure and the
depletion of fat stores (Reeder et al. 2012; Warnecke et al. 2012;
McGuire et al. 2017), and recent evidence suggests that the size of
the fall fat store is associated with persistence of bats after WNS
invasion in some (though not all) hibernation sites (Cheng et al.
2019). Thus, understanding fall energy acquisition in bat species
affected by WNS could be critical for identifying traits important
for survival in remnant populations.

The use of plasma metabolite analysis has been validated for
insectivorous bats (McGuire et al. 20094), but the pattern of me-
tabolite concentration changes in response to feeding is not the
same as observed in other taxa. In other groups, triglyceride con-
centration increases following feeding while 8-hydroxybutyrate
concentration increases with fasting (Jenni-Eiermann and Jenni
1994; Guglielmo et al. 2002, 2005; Zajac et al. 2006). However,
insectivorous bats increase both triglyceride and 3-hydroxybutyrate
concentrations after foraging (McGuire et al. 20094; Boyles et al.
2016). When validating the technique, McGuire et al. (2009a)
suggested that the unexpected 8-hydroxybutyrate response may
be a consequence of the energetic costs of flight for aerial-hawking
bats. Aerial hawking is more energetically expensive than the for-
aging strategies of previously studied birds, which typically obtain
their food from gleaning or surface feeding. Bats may not be able
to sustain aerial hawking without mobilizing stored energy as typ-
ically observed in fasting periods (McGuire et al. 2009a).

We tested a prediction of what we term the “fasting while
foraging” hypothesis by quantifying plasma triglyceride and
B-hydroxybutyrate concentrations following feeding in a manipu-
lative experimental design that prevented flight. If feeding-related
increases in 3-hydroxybutyrate previously observed for insectiv-
orous bats (McGuire et al. 20094; Boyles et al. 2016) were related to
the high cost of foraging flight, then we predicted that bats pre-
vented from flying during feeding would exhibit patterns of tri-
glycerides and B-hydroxybutyrate, typical of other taxa following
feeding. However, if the unexpected increase in 8-hydroxybutyrate
concentration previously observed for fed bats reflects some mech-
anism other than flight, we predicted similar relationships for
plasma (3-hydroxybutyrate and triglycerides as observed by Mc-
Guire et al. (20094, 2009b) and Boyles et al. (2016).

Methods
Development of Predictive Framework

Variation in plasma triglyceride concentration is well established
as a feeding indicator (e.g., Jenni-Eiermann and Jenni 1994; Gu-
glielmo et al. 2005; Zajac et al. 2006; McGuire et al. 2009a; Price
et al. 2012). Therefore, we developed our predictions by consid-
ering patterns of 8-hydroxybutyrate concentration relative to pat-
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terns of triglyceride variation and designed a manipulative ex-
periment to avoid the difficulty of interpreting a correlative study.
In the wild, insectivorous bats typically have access to abundant
prey resources and extended periods of nocturnal activity over
which to pursue and consume prey and as a result may often feed
to satiation one or more times per night (Anthony and Kunz 1977;
Anthony etal. 1981). In other words, for free-living insectivorous
bats in many contexts, neither food availability nor foraging time
is likely a limiting resource. Both the amount of food eaten and the
time since feeding affect metabolite concentrations, so in theory
both could be experimentally manipulated to test the effects of
flight on the relationship between feeding state and metabolite
concentrations. In practice, however, the best experimental manip-
ulation, to reveal the largest possible variation in metabolite con-
centrations, would be to adjust food availability but hold the time
since feeding constant. The opposite approach is not feasible be-
cause of the functional limitations of consuming unlimited food
in a limited time period. We provided a limited, fixed amount of
food to bats housed in individual cages that prevented the bats
from flying. We expected that bats would consume all the available
food quickly, after which no additional food was provided. We
sampled bats at varying time intervals after feeding, meaning
the amount of time since the start of feeding continued to
increase but the amount of food was fixed. Most of the variation
in plasma metabolite concentrations that we observed will have
reflected variation in the duration of trials from the time bats
ingested food until their blood was sampled (i.e., 2-55 min)
because most bats consumed almost all of their food in the first few
minutes of their trials (fig. 2). However, there was between-
individual variation in the timing of food intake, as well as the total
mass of food consumed, and it was not possible to tease out the
influence of these two effects or treat them as independent
predictor variables in our analysis. Therefore, we used a ratio of the
mass of food eaten (g) to the duration of the feeding trial until
blood sampling (hereafter, intake rate) as our predictor variable.
This variable captures the effect of time to blood sampling on
plasma metabolite concentrations while also accounting for

variation in the timing of food intake by different individuals.
Therefore, we predicted that plasma triglyceride concentration
would decline as intake rate declined. The fasting while forag-
ing hypothesis predicts a negative relationship between intake
rate and 3-hydroxybutyrate if bats are permitted to fly (fig. 14;
McGuire et al. 20094, 2009b; Boyles et al. 2016), but we designed
the experiment to remove effects of flight on the relationship
between intake rate and (-hydroxybutyrate. Therefore, if the
energetic costs of aerial-hawking flight require the use of stored fat
for fuel, then in the absence of flight, plasma §-hydroxybutyrate
should act as a fasting indicator and show patterns consistent with
those of other taxa (fig. 1B). However, if some other mechanism
explains different patterns of 3-hydroxybutyrate concentration for
insectivorous bats, then preventing flight during feeding should not
influence B-hydroxybutyrate concentration (fig. 1C). We recognize
that our approach is limited in that we were not able to directly test
for effects of flight on metabolite concentrations by flying bats.
However, our experiment did allow us to evaluate one clear
prediction of the fasting while foraging hypothesis.

Experimental Methods

We capturedlittle brown bats from August 5 to September 7, 2014,
using a harp trap placed at the entrance of St. George Bat Cave,
a hibernaculum located near Fisher River, Manitoba (51°43'N,
97°24'W), and immediately released all subadults (identified based
on the epiphyseal ossification of the second metacarpal joint on
the fourth digit; Kunz and Anthony 1982). On capture, we trans-
ported adult bats (n = 26) ~20 km to a field laboratory in in-
dividual disposable paper bags hung from string inside a venti-
lated picnic cooler to dampen noise. We recorded sex, measured
forearm length (mm), and weighed each bat on an electric balance
(%0.1 g; model HH 320; Ohaus, Parsippany, NJ).

We housed bats individually in stainless steel cages (20 cm x
20 cm x 20 cm) for up to 5 d to prevent bats from flying and to
eliminate the influence of exercise on plasma metabolite con-

A) Feeding + Flight

[BUTY] (mmol/L)

B) Fasting

C) Feeding

Intake Rate (g/min)

Figure 1. Hypothetical predictive plots of the effect of feeding state and flight on the relationship between intake rate and B-hydroxybutyrate
concentration (BUTY; mmol/L). A, The predicted relationship between intake rate and 8-hydroxybutyrate based on 3-hydroxybutyrate concentra-
tions observed in previous studies of wild-caught bats feeding on the wing. B, The predicted relationship of -hydroxybutyrate concentration re-
sponding as a feeding indicator (negative relationship). C, The predicted relationship of 8-hydroxybutyrate concentration responding as a fasting

indicator (positive relationship).

This content downloaded from 192.058.125.014 on May 28, 2019 08:12:55 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journal s.uchicago.edu/t-and-c).



376 D. E. Baloun, Q. M. R. Webber, L. P. McGuire, J. G. Boyles, A. Shrivastav, and C. K. R. Willis

1.001 ®e ‘g L Y
e
a [ ]
c eo®
D 0.751
©
Ll
(2]
g 050{ °
=
B oy
w 0.251
77] [
o
=
0.00
02 10 25 40 55
Time (min)

Figure 2. Mass of mealworms (Tenebrio molitor larvae; g) eaten by little brown bats (Myotis lucifugus) over time. Bats were presented with 1.0 g
of food for a randomly assigned 0, 2, 10, 25, 40, or 55 min (n = 4,4, 3,7, 6, or 6, respectively). Data points are set to deviate from the true value
(vertically: £0.01 mmol/L; horizontally: +1.0 min) to show the number of bats at each time point.

centrations. We provided water ad lib. and trained bats to inde-
pendently feed on mealworms (Tenebrio molitor larvae; Super
Cricket, Prince Albert, Saskatchewan: http://www.supercricket.ca),
aprocess that took 1-3 nights per bat. Composition of mealworms
is typically 55% protein, 34% lipid, and 2% carbohydrate by dry
mass (Super Cricket). Bats that failed to feed independently within
36 h of capture were released at the site of capture, leaving a total
sample size of 26 bats.

After bats were trained to eat mealworms from food dishes, we
began a series of feeding trials. On the night of testing, we placed
a dish containing 1.0 g of mealworms (approximately 10 meal-
worms) in each cage. We observed the bat to determine the time
when feeding began, which became the start of the “treatment
group” time. Due to their small body size, blood could be collected
from each bat only once, so we randomly assigned each bat to one
of five treatment groups for which blood was sampled at either 2,
10, 25, 40, or 55 min after feeding (n = 4, 3, 7, 6, or 6, respec-
tively). We selected these time points based on the response times
for a similarly sized passerine bird (Zajac et al. 2006). During the
experiment, bats were left undisturbed until they were removed
from their cage for sampling. After collecting a blood sample (see
below), we recorded the remaining mass of uneaten mealworms
(if any).

To collect blood, we gently restrained bats on a disinfected table
with the tail membrane extended. We used a 27-gauge syringe
needle (Becton Dickinson, Mississauga, Ontario) to puncture the
interfemoral vein and collected up to 70 pL of blood from an
individual bat using a heparinized capillary tube (Fisher Scientific,
Pittsburgh). We sealed capillary tubes with critoseal (McCormick
Scientific, St. Louis), spun them in a hematocrit centrifuge for
5 min at 10,000 rpm, transferred plasma to a 1-mL O-ring sealed
cryotube (Fisherbrand, Pittsburgh), and stored the samples in
a —20°C freezer for up to 7 d until we could transport them to
a —80°C freezer. Stress can influence plasma metabolites, so we

recorded handling time for each bat starting immediately after
the bat was removed from its cage and ending either when 70 uL
of blood was sampled or after 10 min (Jenni-Eiermann and Jenni
1996, 1997; Cyr et al. 2007).

We quantified triglyceride and 3-hydroxybutyrate concentra-
tions following manufacturer protocols modified for small sam-
ple volumes (5 L plasma) in 96-well microplates as described by
Guglielmo et al. (2002, 2005) and used by McGuire et al. (20094,
2009b). We analyzed undiluted plasma following methods in pre-
vious studies of insectivorous bats (McGuire et al. 20094, 2009b).
We measured plasma triglyceride concentration by subtracting free
glycerol from total glycerol following lipoprotein lipase hydrolysis
(Sigma-Aldrich, Oakville, Ontario; Free Glycerol Reagent, Sigma-
Aldrich, St. Louis). We measured 3-hydroxybutyrate concentration
using a commercial kinetic assay kit (R-Biopharm, Marshall, MI).
Both assays were conducted using a microplate spectrophotom-
eter (SpectraMax i3; Molecular Devices, Sunnyvale, CA). All sam-
ples were analyzed in duplicate, and we used mean values of the
duplicate samples for subsequent analysis. If the coefficient of
variation (CV) between measurements was >15% an additional
replicate was included and the two replicates with the lowest CV
were taken for analysis. Sample volume was limited for many
individuals, and if it was not possible to obtain a CV < 15%, the
sample was excluded from statistical analyses.

We conducted all analyses using R (ver. 3.4.4; R Development
Core Team 2018). Due to sample size, we pooled data from males
and females. Before analyses, we assessed normality and collin-
earity among covariates. We found no effects of Julian date or
ambient temperature at the time of blood sampling on the con-
centration of metabolites, so both were excluded from subse-
quent analyses. To test for differences in the predicted responses
of triglyceride and 8-hydroxybutyrate concentrations, we used an
ANCOVA with intake rate and plasma metabolite ID (i.e., either
triglyceride or 3-hydroxybutyrate) as predictor variables, includ-
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ing the interaction between plasma metabolite ID and intake rate.
We used the drop1 function to calculate statistics for our model
using type III sum of squares.

All methods were approved by the University of Winnipeg An-
imal Care Committee and conducted under Manitoba Conser-
vation Wildlife Scientific permit AE03395. Although our study site
was negative for Pseudogymnoascus destructans, the fungal path-
ogen that causes WNS, we followed established guidelines for de-
contamination by researchers (United States Fish and Wildlife
Service 2015; Canadian Wildlife Health Cooperative 2015).

Results

A plot of the relationship between the mass of food eaten and trial
duration suggests that, as expected, most bats ate the mealworms
quickly (fig. 2). With the exception of one individual, all bats
sampled at 10 min or later had eaten all of the food provided.
Therefore, the bats’ metabolite concentrations should reflect rapid
food consumption, followed by roosting for the duration of their
trial, validating our prediction of a negative relationship between
intake rate and concentration of triglyceride.

We obtained metabolite concentrations from 26 individual
bats. Mean bleed time was 6.9 * 2.4 min (range: 1.4-9.2 min).
Mean mass of food eaten was 0.84 + 0.3 g (range: 0.1-1.0 g; fig. 2),
leading to a mean intake rate of 0.06 * 0.05 g min~'. Mean body
mass was 7.8 = 0.7 g. Our field site experienced typical ambient
temperatures during feeding trials that ranged from 9.0° to 22.5°C.

As predicted for our feeding indicator, we observed a negative
relationship between intake rate and plasma triglyceride concen-
tration (Fy 33 = 8.3,P = 0.007;fig. 3). Contrary to the prediction

of the fasting while foraging hypothesis, however, we observed a
negative relationship between intake rate and 3-hydroxybutyrate
concentration, with greater 3-hydroxybutyrate concentrations com-
pared to triglyceride (F; 34 = 57.0, P < 0.0001; fig. 3). We did
not detect an interaction between intake rate and metabolite ID
(F1,3¢ = 0.18, P = 0.67), indicating no difference in the slopes
of the relationships for triglyceride and -hydroxybutyrate.

Discussion

Our results demonstrate that intake rate affects the concentra-
tions of plasma metabolites in the circulation of insectivorous
bats, but we found no support for our fasting while foraging
hypothesis. Specifically, we found a negative linear relationship
between intake rate and plasma triglyceride concentrations,
confirming that triglyceride concentrations respond to feeding in
insectivorous bats. Contrary to our expectation, however, we found
a negative linear relationship between intake rate and plasma
B-hydroxybutyrate concentrations that was similar to the relation-
ship for triglycerides. The similarity in responses of triglyceride and
B-hydroxybutyrate suggests that flight alone does not affect the
concentration of 3-hydroxybutyrate in circulation.

McGuire et al. (2009a) proposed the hypothesis that energy
expenditure resulting from an aerial-hawking foraging strategy
required an increase in circulating fuel. Consistent with all pre-
vious studies, triglyceride concentrations responded as predicted
to feeding in our bats. However, despite having removed the in-
fluence of flight, we observed similar patterns for triglyceride
and B-hydroxybutyrate, consistent with previous studies of bats
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Figure 3. Negative relationships between intake rate and plasma $-hydroxybutyrate and triglyceride concentrations (mmol/L) of recently fed
little brown bats (Myotis lucifugus). Intake rate is calculated using the total mass of food eaten (capped at 1.0 g of mealworms; see “Methods” for
more details) during a trial or at either 0, 2, 10, 25, 40, or 55 min. Each bat experienced only one trial. Plasma 3-hydroxybutyrate concentration is
showninblack (BUTY;y = —0.67x + 0.36), while triglycerideis shownin gray (TRIG;y = —0.67x + 0.17). Blackand gray dashedlines indicate

95% confidence intervals around their respective metabolite trend lines.
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but counter to studies in other taxa. The mechanism underlying
this pattern remains unclear. It could be that the increase in
B-hydroxybutyrate we observed reflects an adaptation for pre-
serving glucose for consumption by the brain regardless of ac-
tivity state. Gao et al. (2009) found that “obese strain” mice fed
butyrate had lower levels of insulin, which would have suppressed
uptake of glucose from circulation, and increased adaptive oxi-
dation of fatty acids. Not only is it necessary to preserve glucose
when low dietary glucose is available, but suppressing uptake of
glucose could also prioritize the use of fatty acids to fuel flight. One
possibility is that species with relatively low levels of carbohydrates
in their diet require relatively high G-hydroxybutyrate levels to
ensure fuel supply to brain tissue, while exhibiting a greater ten-
dency to use fatty acids as fuel for energetically expensive ac-
tivity.

To better understand the response of 3-hydroxybutyrate con-
centration to feeding and flight, we recommend additional studies
quantifying physiological responses of swifts or swallows to recent
feeding. Swifts and swallows experience energetic costs similar to
those of insect-eating bats, as they use a similar aerial-hawking
foraging strategy and likely experience similar energetic demands
while foraging. Responses in these birds would allow us to deter-
mine whether the unusual response of 3-hydroxybutyrate to feed-
ing for aerial-hawking, insect-eating bats reflects physiological
demands of an aerial-hawking foraging strategy or some mech-
anistic difference between birds and bats. Future studies should
also quantify the effect of flight without feeding on plasma me-
tabolites. Although we have shown that §-hydroxybutyrate con-
centrations respond to feeding without flight, we cannot yet say
that flight does not also elicit some additional response in fuel
production and/or circulation. Recently, Cravens and Boyles (2019)
suggested the possibility that a separate molecular pathway exists
for producing and circulating fuels when individuals have fed and
are postabsorptive and before exogenous food is digested to en-
sure adequate fuel is available to power foraging flight.

A growing number of studies have quantified plasma metab-
olite concentrations, and it is tempting to compare values across
studies for context. However, values from our study are likely not
directly comparable to other values published for free-ranging
bats. The relatively high triglyceride concentrations reported for
bats returning to their roosts after foraging in past studies (e.g.,
McGuire et al. 20096 [0.44 £ 0.4 mmol/L] vs. this study [0.12 =
0.08 mmol/L]) could reflect multiple or extended foraging bouts
by free-ranging bats that occurred throughout the latter part of
the night, as opposed to the single feeding event for bats in our
study. Foraging rates of free-ranging juvenile (1.8 g/day) and preg-
nant (2.5 g/day) Myotis lucifugus are considerably larger than the
0.84 * 0.3 g food consumed by our bats, and as such, concen-
trations of plasma metabolites that we observed were relatively
low. Each bat in our study did, however, eat ~9.5% of their body
mass before metabolite sampling, and all bats maintained body
mass during their time in captivity, which suggests that the food
volumes in our experiment were ecologically relevant if lower
than natural feeding volumes. Despite the fact that bats in our
study ate less food than typically consumed by free-ranging bats
over the course of a night, our results still show that the changes

in concentrations of metabolites (i.e., B-hydroxybutyrate and
triglyceride) are consistent with other studies (other mammals:
Galster and Morrison 1975; Arnould et al. 2001; other insect-
eating bats: Widmaier et al. 1996; McGuire et al. 2009a, 2009b).

Another potential issue for our study was the potential for cap-
ture stress to influence our results because plasma metabolite con-
centrations are affected by acute stress response (Jenni-Eiermann
and Jenni 1996, 1997; Cyr et al. 2007). We minimized the pos-
sibility of stress effects by holding bats in captivity for a minimum
of 3 d before measurement and by not handling bats within 24 h
of their assigned feeding trials. Little is known about the effects of
chronic stress on metabolite concentrations, although captivity
can increase chronic stress. We assume bats experienced little
chronic stress because all individuals readily ate the mealworms we
provided, maintained body mass, and appeared healthy through-
out captivity.

North American bats, including our study species, currently
face an ecological crisis from WNS, a disease that fundamentally
alters energy balance during hibernation (Reeder et al. 2012; War-
necke et al. 2012; Verant et al. 2014; McGuire et al. 2017). Since the
discovery of WNS in 2006, 11 hibernating species have been con-
firmed with the disease, including three species now listed as en-
dangered in Canada because of the disease (COSEWIC 2015). Un-
derstanding pre- and posthibernation energetics of WNS-impacted
bat species has become crucially important for conservation and
management, and profiles of plasma metabolites, such as those
presented in this study, in combination with increasingly acces-
sible handheld analytical tools (Boyles et al. 2016; Sommers et al.
2017), could be important for understanding feeding energetics
of free-living bats in the wild. For example, indexes of food intake
of wild-captured bats could be effective for understanding the in-
fluence of variation in habitat quality for remnant bat popula-
tions and for evaluating potential management actions to improve
habitats in ways that enhance energy balance of free-ranging bats
(Langwig et al. 2016).

Our study is among the first to compare feeding rate to plasma
metabolite responses of insect-eating bats, which provides insight
that could be useful for understanding energy acquisition and
assimilation in endangered species, including little brown bats.
Plasma metabolite analyses are becoming more accessible and
efficient ways of studying energetics of free-living bats in the field.
As these field-ready physiological techniques improve, we are also
gaining a better understanding of how bats interact with their
habitats and finding continued support that metabolite analyses
are an accessible and minimally invasive method for determining
the feeding state of wildlife.
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