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ABSTRACT

Studying bat diet is challenging due to their rarity, cryptic nature, nocturnal habits, and protected status. Stable isotope analysis of bat
faeces offers a promising noninvasive and nonlethal method to understand their trophic interactions. However, this requires

knowledge of the isotopic difference between food items and resulting faeces, known as the trophic discrimination factor (TDF).
Accurate TDF calculations rely on precise dietary information, typically obtained through controlled feeding experiments. We used the
rare opportunity of a captive rehabilitating Chalinolobus tuberculatus, a threatened Aotearoa New Zealand insectivorous bat, to conduct
a feeding trial to determine its diet-faeces TDF. Given the bat was fed three different food types, we used DNA metabarcoding to match
food items to faeces and estimate gut passage time—the time it takes for food to travel from ingestion to excretion. We calculated TDF
values for nitrogen and carbon as—0.89 + 1.19%. and 0.82 + 0.23%o, respectively, with both not significantly different from zero. The
gut passage time was less than 3-4h. Altogether, these findings add to our understanding of bat trophic ecology, particularly for

Chalinolobus, but also highlight that where TDFs remain poorly constrained and close to zero, applying them may not always improve

diet reconstruction accuracy, and uncorrected stable isotope values may be just as informative.

1 | Introduction

Understanding the diet and habitat use of threatened bat spe-
cies is key to effective conservation plans and regulations
(Molloy et al. 1995), so appropriate habitats can be protected.
Despite this, large knowledge gaps regarding foraging and diet
are acknowledged for two-thirds of the over 1400 species of
Chiroptera (Taweesub et al. 2021). Bats are often threatened, so
it is generally not permitted to collect free-living bats to sample
stomach contents. This means less-invasive methods are needed
to understand what bats consume.

Stable isotopes are widely used to assess diet and habitat use
(Newton 2010 and references therein) and can be noninvasive
and nonlethal depending on the tissue analysed (Montanari
2017; Pauli et al. 2009; Stewart et al. 2024). This method makes
use of naturally varying stable isotope ratios, for example,
Bc/2C and Y N/*N (expressed as delta values in units of per
mil, %o0: §"3C and 8"N, respectively—see eq. S1) in animal tis-
sues. Faeces are particularly practical for understanding short-
term diet, because they do not require capture of individuals if
collection is possible from under roosts (Gallant et al. 2021;
Moyo and Jacobs 2020; Salvarina et al. 2013).
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However, to quantify diet by comparing stable isotope values of
consumers to those of prey, inherent differences between tissues
and diet must be known (Stephens et al. 2023). During digestion,
isotopic fractionation may happen, potentially leaving a tissue
higher, unchanged, or lower in stable isotope value compared to
its diet (Sponheimer et al. 2003). This difference is referred to as
the trophic discrimination factor (TDF), and if accuracy is
needed, then this should be established for each species (Healy
et al. 2018). A literature search found only one study that
determined a diet-faeces TDF for two bat species, both insecti-
vores (Order Vespertilionidae, Myotis myotis and Rhinolophus
ferrumequinum, Salvarina et al. 2013), so appropriate inferences
with the use of this TDF may be limited, particularly because
Chiroptera are so diverse, even within families.

When establishing species-specific diet-faeces TDFs, under-
standing gut passage times, that is, the time it takes for food to
travel from ingestion to excretion, is crucial because stable
isotope measurements conducted on faeces must represent
isotopic value of the last food item digested and not a combi-
nation of multiple items, as different diet sources can yield
different TDFs (Stephens et al. 2023). Gut passage times also
affects the interpretation of other methods for studying bat diet:
DNA metabarcoding (Ling et al. 2023) and visual examination.
Reported digestion times for bats range from ~20min to
several hours, varying by species (Laska 1990; Roswag
et al. 2012; Schattanek et al. 2021; Walker et al. 2019), with
some items, such as moths, persisting in faeces for days
(Whitaker and Kunz 1988). Prey mass also affects how long
DNA remains detectable (Schattanek et al. 2021) making it
difficult to interpret how many meals a single pellet represents.

Bats are the only native land mammals in Aotearoa New Zealand
(King and Forsyth 2021). Two bat species of a once broader bat
fauna persist throughout the mainland: Chalinolobus tuberculatus,
a Vespertilionid, and Mystacina tuberculata, one of a possible two
surviving Mystacinidae, both of which are threatened with extinc-
tion (O'Donnell et al. 2022). They are suspected to have slightly
different dietary niches because one—C. tuberculatus is thought to
feed mainly on flying invertebrates (Ling et al. 2023), while M.
tuberculata consumes, at least occasionally, fruit and nectar (Arkins
et al. 2006). Developing TDFs for stable isotope studies and esti-
mating gut passage times will allow both qualitative and quanti-
tative assessments of bat diet from faeces. We conducted a feeding
experiment using a C. tuberculatus that was held in captivity over a
long period for rehabilitation. Using stable isotope values and DNA
metabarcoding, we aimed to (1) establish C. tuberculatus-specific
diet-faeces TDFs for carbon and nitrogen stable isotope values and
(2) estimate gut passage time for this species.

2 | Materials and Methods

2.1 | Feeding Experiment Set Up

For 34 days, a controlled feeding experiment was conducted on
a female C. tuberculatus held at the Hamilton Zoo (Hamilton,
New Zealand). The feeding experiment design was assessed and
approved by the Hamilton Zoo Ethics and Husbandry Com-
mittee. We explain how the bat came to be in captivity and
detail its rehabilitation timeline and conditions in Text S1.

Each day, she was handfed three times: ‘morning’ (ca. 8:30 a.m.),
‘midday’ (ca. 12-12:30 p.m.), and ‘afternoon’ (ca. 3:30-4 p.m.),
and the amount of each food item consumed was recorded
(Table Sd1). She was offered mealworm larvae (Tenebrio molitor),
wax moth larvae (Galleria mellonella), and a compound feed
designed for insectivores composed mostly of meat meal, fish
meal, blood meal, whey protein, and soy protein (Insectivore
Rearing Mix, Wombaroo Food Products, Australia) daily, in a
varying sequence (Table Sd1). Although at very low levels (0.5%),
lepidoptera larvae were observed in C. tuberculatus faeces by
Gurau (2014), hence, larvae are not completely outside the
dietary spectrum of the species. Our feeding experiment was
conducted during the morning feeds, except for Day 9 where it
took place at midday. This approach ensured that the bat had
time overnight to evacuate the previous day's faeces as much as
possible. During these feeds, she was given a single food type,
rotating every day (Table Sd1). The trial's feeding plan had to be
flexible to allow keepers to respond to the intake behaviour of the
rehabilitating bat.

2.2 | Sample Collection

Before the morning feed, all overnight faeces were cleared away
and discarded from the bat's holding area to ensure that all
sample faeces collected post-morning feed were recent/fresh
and specific to the morning meal. Faecal samples were collected
3-4 h post-morning feed. Out of the 34 days of the feeding ex-
periment, we chose to only include 19 days (from Day 7 to 25)
for stable isotope analysis. These days were selected as the
longest continuous period during which the bat consistently
produced faeces each day, and to allow the bat 1 week to adjust
to being fed one food type each morning.

All samples were immediately frozen and kept at —20°C until
further processing. Upon completion of the feeding trial, all
samples, including daily sub-samples of food items and whole
faeces, were thawed then dehydrated at 55°C for 48h in a
Sunbeam Food dehydrator (model: DT5600, Sunbeam; GUD
Holdings Ltd., China). Once dried, samples were sent to the
University of Otago, Dunedin, for DNA metabarcoding and
stable isotope preparation.

2.3 | DNA Metabarcoding

We selected a subset of the faeces samples collected above (n = 10)
(Table Sd1, highlighted in yellow). These comprised days where
the bat was fed wax moth larvae only (n = 5), mealworm larvae
only (n = 2), or the insectivore mix only (n = 3). All faecal samples
for DNA metabarcoding were sent to Wilderlab, Wellington, New
Zealand, and were measured using their default ‘basic’ analysis
based on a suite of primers tailored to New Zealand's flora and
fauna (see Table Sd2).

2.4 | Stable Isotope Analyses

Dried samples were weighed to approximately 0.8 mg each and
folded into tin capsules. Stable isotope analyses were carried out
on a DELTA V Plus continuous flow isotope ratio mass
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spectrometer linked to a Flash 2000 elemental analyser using a
MAS200R autosampler (Thermo-Fisher Scientific, Bremen,
Germany) at the National Institute of Water and Atmospheric
Research (NIWA), Wellington, New Zealand—see Text S2 for
more details.

We chose not to correct for lipids, as Salvarina et al. (2013) found
no difference between lipid-extracted and non-lipid-extracted
faeces and reported non-lipid-extracted TDFs.

2.5 | Trophic Discrimination Factors

Diet-faeces 8°N and 6"*C TDFs (TDFy and TDFc, respectively),
were calculated following the convention in the most recent
literature (Montanari 2017; Reid and Koch 2017; Sabadel and
MacLeod 2022; Salvarina et al. 2013):

TDFy = 515Nfaeces - alsNdiet (1)

TDFc = 513Cfaeces - 513Cdiet (2)

where 6" Npeces and 8>Cpaeces are the stable isotope values of
the faeces and 6*°Ng;e; and 83Cgic; are the stable isotope values
of the corresponding food item fed to the bat.

2.6 | Data Analysis

Three sets of diet-facces TDFs were calculated for each food
type using a weighted mean approach: one using all available
data, referred to as ‘all data’; one using data from days selected
for DNA metabarcoding, DNA-selected’; and one with the data
from faeces where the only food item detected in the sample
was from the previous meal taken 3-4h prior. The latter was
referred to as ‘DNA-validated’ and included faeces collected
on Days 7, 12, 15, 16, 17, 21, and 24 (Table 1).

2.7 | Statistical Analysis

To test for normality, a Shapiro-Wilk test was performed on
the data for each variable (6" Ngier and 6"*Cier, 6" Nizeces and
8"3Cfaeces; TDFy and TDF(). All data were normally distributed
except 6°Npeces Vvalues (p=0.0364); therefore, a non-
parametric Wilcoxon Signed-Rank Test was used. All other
comparisons involving stable isotope data were paired t-tests
preceded by a preliminary F-test to test for equal variances.
We used one-sample t-tests to determine whether diet-faeces
TDFy and TDF¢ differed significantly from zero. All means are
reported + standard deviation (mean + SD), and significance
was considered at o = 0.05.

To check for any variability in §°Npeces and 6*>Cpaeces Values
across the sampling period, a linear regression model was
employed. The linear regression models included time (days)
as the independent variable and §'°N or §'°C values as the
dependent variable. For each regression model, the beta
coefficient (), 95% confidence intervals (CI), and p-values were
reported to determine the significance of the relationship.

TABLE 1 | Chalinolobus tuberculatus-specific diet-faeces trophic
discrimination factors for nitrogen (TDFy) and carbon (TDF¢) deter-
mined during a controlled feeding experiment held over 19 days, using
a rehabilitating individual.

TDFy TDF¢

TDFs (all data, %o)
Mealworm (n =7) —0.04+0.39 0.98 + 0.66
Wax moth (n=38) —-1.72 +1.50 0.66 +1.12
Insectivore mix (n=4) 0.16 +0.80 —0.58 +1.53
Mean all food items —0.54+1.03 0.35+0.82
Mean mealworm + —-0.89 +1.19 0.82+0.23
wax moth

TDFs (DNA-selected, %o)
Mealworm (n =2) —0.48 +0.29 1.39+0.13
Wax moth (n=15) —2.21+1.25 0.94 +1.02
Insectivore mix (n = 3) —-0.11 +1.27 —1.20 +1.08
Mean all food items —0.94+1.12 0.37+1.38
Mean mealworm + —-1.35+1.22 1.16 +0.32
wax moth

TDFs (DNA-validated, %o)
Mealworm (n = 2) —0.48 +0.29 1.39+0.13
Wax moth (n=4) —2.26 +1.44 1.20 £0.95
Insectivore mix (n =1) —0.06 -1.82
Mean all food items —0.94+1.17 0.26 +1.80
Mean mealworm + —-1.37+1.26 1.30 + 0.13*

wax moth

Note: ‘All data’ TDF values refer to those calculated using the entire database,
while ‘DNA-selected’ refers to values calculated using DNA-metabarcoding
confirmed data. ‘DNA-validated’ refers to values calculated with data where the
only food item detected in the sample was from the previous meal taken 3-4h
prior. Data are expressed as mean + SD and values significantly different from
zero are marked with an asterisk (*, Table S3).

All statistical analyses were conducted using R (R Core Team
2024. R: A language and environment for statistical computing
(Version 4.4.0 [Puppy Cup]). R Foundation for Statistical
Computing. https://www.R-project.org/).

3 | Results

3.1 | DNA Metabarcoding and Gut Passage Time

All food items fed in the morning (or midday for Day 9) could
be detected in the midday (or afternoon for Day 9) faeces col-
lection (Table S1). On seven out of 10 days, the food items given
the previous afternoon were no longer detectable in the faeces
collected the following day at midday. On the remaining 3 days
(Days 14, 19 and 23), mealworm larvae, which had been fed to
the bat the previous afternoon, were detected in the midday
faeces, albeit with low sequence counts ranging from 21 to 156.
In contrast, the main food item of the same day had higher
sequence counts, (ranging from 323 to 2254, Table S1).
For insectivore mix meals, Cattle, Turkey and Sheep were
detected, as expected (Tables S1 and Sd3).

1363


https://www.R-project.org/

3.2 | Stable Isotope Results and Trophic
Discrimination Factors

Stable isotope values of food items and corresponding faeces are
shown in Figure 1, means in Table S2 and full data in Table Sd4.

Overall, 5"°Ny,eces values had unweighted mean of 3.92 + 2.05%o
and 6" Ng;e; values of 4.63 + 1.34%o, While §">Cgyeces Values had
unweighted mean of —23.77 +1.16%. and &§"°Cg;, values had
unweighted mean of —24.29 + 1.56%o across for all food items.
There were no significant differences between unweighted
mean 8 °Npeces and 8Ny values (W=48.5, p=0.060),
between unweighted mean &>Cpeces and 2Cgiec values
(t=0.841, p=0.411), nor between C:Npeces and C:Nge
(t=-0.809, p =0.430). When comparing values between each
food items and corresponding faeces, 6"°Ngeces and & Ngiec
values for wax moth meals (W =2, p=0.0234) and 6"Cgeces
and 6"Cg;e; values for mealworms, varied significantly (t = 3.96,
p =0.007).

Linear regression analyses showed no significant relationship
between the 6"°Npeces Values and time (8= —0.0198, 95% CI:
—0.21 to 0.17, p=0.8257), nor between §>Cgyeces values and
time (8 =0.04126, 95% CI: —0.06 to 0.14, p = 0.4096).

TDFs calculated from ‘all data’ and those from ‘DNA-validated’
samples did not differ significantly from each other (TDFy:
W=7, p=04; TDF¢: t=0.085, p=0.9376). TDFs derived from
foods close to those likely consumed by free-flying bats, specifi-
cally mealworm and wax moth (i.e., excluding irrelevant meat
products in the insectivore mix), were similar to and overlapping
with all other calculated TDFs for both TDFy and TDFc. Apart
from “DNA-validated” TDF, none of these TDFs were signifi-
cantly different from zero (Table S3).

Finally, mealworm larvae had the lowest C:N ratio (4.87 + 027)
and the highest %N (10.07 +£0.35) among all food items,
whereas wax moth larvae exhibited the highest C:N ratio
(6.12+1.10) and the lowest %N (8.45%+ 1.58). No significant
difference was observed between the C:N ratio of food items and
the corresponding faeces (t = —0.80866, p = 0.4293).

8.0 )
O Wax moth - Food item
O Wax moth - Faeces
6.0 [ Mealworm - Food item
g © Mealworm - Faeces
< a0 | @ Insectivore mix - Food item
U,Z ' @ Insectivore mix - Faeces
PSS
20
0.0 . : k .
-28.0 -26.0 -240 -220 -20.0 -18.0
B13C (%o)
FIGURE1 | Isospace plot showing nitrogen versus carbon stable

isotope values from ‘all data’ food items and ‘all data’ resulting faeces
samples. Squares represent food items, and circles represent faeces
samples. Colours indicate different food items: grey for wax moth,
orange for mealworm and blue for the insectivore mix. [Color figure can
be viewed at wileyonlinelibrary.com]|

4 | Discussion

We combined stable isotope analyses with DNA metabarcoding
of faecal samples to estimate diet-faeces TDFs and gut passage
time, through a feeding trial of a captive bat. Given the threa-
tened status and cryptic nature of many Chiroptera, these
opportunities are rare. Indeed, since this study (conducted in
2022), only two C. tuberculatus have been in care, and neither
were suitable for a feeding experiment, making this data set
valuable. To date, only one bat TDF has been published
(Salvarina et al. 2013); combined with our results, this could
bring accuracy to the assessment and quantify short-term diets
(Painter et al. 2009) but should be applied with caution.

4.1 | Trophic Discrimination Factors of
C. tuberculatus

Overall, faeces did not show significant changes in §'°N and
§'3C values, nor C:N ratios compared to the food they originated
from. However, when data from individual food types were
considered separately, some differences became apparent.
Specifically, mealworm meals showed differences in &13C
values, while wax moth meals differences in SN values
between diet and faeces. However, despite these variabilities,
most TDFs were not significantly different from zero.

While different, our results overlap with Salvarina et al. (2013)
on other insectivorous bats (M. myotis and R. ferrumequinum),
which also found minimal isotopic fractionation between food
and faeces. For C. tuberculatus, TDFy was negative and TDFc
positive, opposite to Salvarina et al. (2013), whose results align
more closely with other small mammals [e.g., Rattus norvegicus
(Nakagawa et al. 1985), Microtus longicaudus (Hwang
et al. 2007)]. Other studies have previously estimated negative
TDFy, for example, Navarro-Castilla et al. (2023) with wild
wood mice or Kuwae et al. (2022) with shorebirds, and positive
TDFc and TDFy, for example, meerkats (Suricata suricatta)
faeces, by Montanari (2017). Bat body size differences, for ex-
ample, could influence isotope discrimination due to variations
in metabolic rates and physiology (Villamarin et al. 2018).
Indeed, the C. tuberculatus in this study weighed 12 g, consid-
erably lighter than those in Salvarina et al. (2013), that is,
17.9-19.1 g for R. ferrumequinum and 29.5-30.3 g for M. myotis.
The disparity between our results and Salvarina et al. (2013),
and even between the two species in their study, highlights the
considerable variability both within and among species (Reid
et al. 2023). Overall, this reinforces Phillips et al. (2014) and
Stephens et al. (2023) who suggested that using a proxy TDF,
let alone a universal TDF, reduces accuracy in diet assessment.

We did not observe any significant variation in isotopic values
over the sampling period, even as room temperature reduced
later in the trial with likely concomitant changes in metabolism
(Day 20 onwards; Text S2). This suggests that any potential
change in stress levels of the bat did not affect its isotopic
turnover rates or the assimilation of isotopes from its diet.
We noted that both TDFy and TDF varied depending on the
food item consumed, confirming the influence of food source on
TDF assessments (Stephens et al. 2023) and the need to include
several food items in feeding experiments. Wax moth larvae had
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a relatively high C:N ratio and low N% compared to meal-
worms, which indicates lower protein concentration. If actual
protein intake from wax moth larvae was relatively low, this
could have required greater de novo synthesis of non-essential
amino acids to meet metabolic needs, which in turn may have
altered nitrogen routing and resulted in increased isotopic dis-
crimination (i.e., higher TDF; Robbins et al. 2010). However,
we recognise that the C:N ratio alone does not indicate total
protein intake, which depends on absolute biomass consumed
(De Cuyper et al. 2025). In this feeding experiment, daily food
counts were recorded (Table S1), and prey items were offered in
comparable numbers across diet types to maintain adequate
intake throughout rehabilitation. Notably, only the wax moth
larvae diet showed a significant difference between &15N
in faeces and diet values. Conversely, the higher-protein
mealworm diet likely provided sufficient dietary amino acids
directly, resulting in lower fractionation (McMahon et al. 2015;
Whiteman et al. 2021). This phenomenon is observed for con-
sumers' tissues, for example, muscle, liver, and in a wild nec-
tarivorous bat (Glossophaga soricina) blood (Mirén et al. 2006)
and appears to also hold for faeces in our case.

Despite these minor variations, TDFs did not differ significantly
across food items. Based on this, the ‘all data’ TDFs appear
appropriate to use, excluding those from the insectivore mix,
which do not reflect wild C. tuberulatus diet: TDFy = —0.89 +
1.19%0 and TDF¢ = 0.82 + 0.23%.. Although our sample size was
limited to n =1, these TDFs used the highest number of data
points (n=19) and included prey types with different C:N
ratios, reflecting the range of nutritional profiles that a bat may
encounter in the wild, thus adding some robustness to the es-
timates. However, with these TDFs not significantly different
from zero, their small magnitude raises the question of whether
correction meaningfully improves dietary resolution. More
broadly, for species where TDFs remain poorly constrained, as
shown here for bats, researchers should carefully consider
whether applying a TDF adds value or whether uncorrected
values may suffice.

4.2 | Precision Brought by DNA Metabarcoding
Analysis

We used DNA metabarcoding to confirm the presence of spe-
cific food items in faeces and gut passage time. We observed
different food items were excreted at different rates. In line with
other research, mealworms were detected in faeces for longer
than other food types (Schattanek et al. 2021). For example, on
at least 2 days, despite not being fed mealworms, we detected
mealworm larvae in faeces (i.e., Days 14 and 19; Tables S1 and
Sd1), however, this did not occur systematically, that is, meal-
worm DNA was not always detected and did not clearly reflect
the number fed the night before (Table S1).

Our findings support previous observations that digestive effi-
ciency varies between different food types (Barclay et al. 1991).
Mealworm larvae are noted as highly digestible compared to
other food items and produce amongst the lowest mass of faeces
per g consumed (Moiseienko and Vlaschenko 2021). However,
mealworm larvae are high in protein compared to wax moth
larvae (Finke 2015), as confirmed by their low C:N ratio

(discussed earlier, Table S2). A protein-rich diet takes more
energy for bats to digest than a more carbohydrate- or fat-rich
meal (Knight 2015; Welch et al. 2015). This may help explain
the longer time mealworms persist in their digestive tracts,
despite high digestibility, compared to other food items
(Schattanek et al. 2021). We detected mealworms in faeces up to
12 h after last consumption.

Overall, the time period one bat faeces represents has been
debated (including by Laska 1990; Roswag et al. 2012;
Stalinski 1994; Walker et al. 2019) and likely depends on food
type. If differences in the gut passage times are not considered
when using stable isotope analyses, DNA metabarcoding or
visual identification of prey, then studies may be biased
towards food items that persist in stomachs or faeces for
longer periods (Schattanek et al. 2021; Ling et al. 2023). Our
research suggests one C. tuberculatus' faeces can represent
food items consumed over at least 2 days, but typically reflects
prey consumed more recently. This means care should be
taken when making inferences about habitat use from faeces
at fine scales such as between nights as faeces may not reflect
nightly changes in use.

5 | Conclusion

Our calculated diet-faeces TDFs and gut passage time contrib-
ute new information to the interpretation of Chiropteran diet
studies, particularly for Chalinolobus. These values broadly
align with those reported for other species, even if not matching
exactly. The TDFs were not significantly different from zero,
which raises questions about the necessity of applying TDF
corrections when studying C. tuberculatus' diet through faeces.
However, given the limited sample size and lack of insight into
individual variability at this stage, caution remains advisable. In
the meantime, uncorrected stable isotope data may still provide
useful insights into dietary niche, habitat use, or movement,
which may facilitate greater protection of this threatened bat.
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Chalinolobus tuberculatus, during a controlled feeding experiment
by day of study or day previous with DNA sequence counts on the day
of study. Table S2: Mean (+SD) stable isotope values and C:N mass
ratios of the faeces of a Chalinolobus tuberculatus during a 19-day
controlled feeding experiment. Table S3: Results of one-sample t-tests
assessing whether diet-faeces TDF values for nitrogen (TDFN) and
carbon (TDFC) differ significantly from zero across datasets.
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