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Abstract: Among frugivorous vertebrates, the nutritional composition of consumed
fruits often needs supplementing by other food types, such as leaves, pollen or
invertebrates, to meet dietary requirements. The endemic Malagasy fruit bat, Rousettus
madagascariensis (Pteropodidae), actively feeds on their dipteran fly ectoparasites,
principally of the family Nycteribiidae and Streblidae, during grooming activities. Since
bat flies take blood meals from their hosts, the consumption of these flies by bats might
represent a mechanism of recycling and reducing the loss of important nutritional
components, such as minerals or proteins and fatty acids. The contribution of these
ectoparasites to the diet of R. madagascariensis is 4-10% of the daily protein
requirements. This is an important proportion for a species considered to be exclusively
frugivorous.

Key words: Ectoparasite consumption; nutritional supplement; amino and fatty acids;
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Introduction

Frugivorous vertebrates are important components of tropical ecosystems (Fleming et
al. 1987; Dew and Boubli 2005). There is substantial variation in the representation of the
proportion of fruit-consuming animals between regions; and the highest number of frugiv-
orous species in tropical vertebrate communities is found in the Neotropics and in some
regions of Asia, while this number is relatively low in most of Africa, particularly in Mada-
gascar. In general, fruits are low in certain nutrients and many fruit-eating vertebrates sup-
plement their diet with leaves or animal prey to cover protein, and some mineral needs
(Izhaki and Saftriel 1989; Terborgh 1992; Raubenheimer and Rothman 2013; Lambert et
al. 2014; Raubenheimer et al. 2014). In Madagascar, for frugivorous animals, supplement-
ing the diet with other food types seems to be important as the majority of Malagasy native
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forest fruits have significantly lower protein concentration than fruits in other tropical
forests (Ganzhorn et al. 2009; Donati et al. 2017).

The three species of fruit bats in Madagascar (Pteropodidae) are all endemic and have
been the subject of dictary studies (plants consumed and analysis of fruit content), and
their roles in disseminating fruits and seeds are essential for forest regeneration (Long
and Racey 2007; Picot et al. 2007; Andrianaivoarivelo et al. 2011, 2012a; Oleksy et al.
2015; Vololona 2020). Malagasy fruit bats seem to be able to cope with the problem of
low protein concentrations in fruit, and this may be compensated in different manners:
1) by consuming large quantities of fruits until they reach protein needs, 2) by adapting
metabolism in order to recycle nitrogen (similar to ruminant behaviors), and 3) some
species may have lower protein requirements than expected as demonstrated for the
African fruit bat Rousettus aegyptiacus (Geoffroy, 1810) in Israel, which is the boundary
between the subtropical and temperate areas in the Middle East and Northern Africa (Ko-
rine et al. 1996). It has been postulated that some frugivorous primates preferentially
consume fruits infested with invertebrates to supplement the small amount of protein in
their typical food sources (Redford et al. 1984), though frugivorous bats generally appear
to avoid fruits infested with insect larvae (Engriser 1995; Wagner et al. 2015). However,
species of New Guinea fruit bats, Nyctimene albiventer (Gray, 1863), Paranyctimene
raptor (Tate, 1942), and Syconycteris australis (Peters, 1867), were seen eating figs in-
fested with wasp larvae (Dumont et al. 2004).

The observation of the Madagascar fruit bat Rousettus madagascariensis (Grandidier,
1928), feeding intensively on ectoparasitic dipteran flies (Streblidae and Nycteribiidae)
during grooming activities in their day roost site, might add another example of how fru-
givorous mammals can cope with protein deficiency in their standard diet (Ramanantsalama
et al. 2018). Although insects are generally small in size, they provide larger amounts of
protein and fat per unit of mass as compared to fruits or other plant organs and vegetation
(Rothman et al. 2014). Moreover, since hematophagous bat flies take blood meals from
their hosts, fruit bats might “recycle” their own important nutritional components from
their ectoparasites by ingesting them. With this aspect in mind, we calculate in this study
the proportion of protein and lipids, as well as energy, contained in the ectoparasites (bat
flies) of R. madagascariensis and compare these values with nutritional aspects of con-
sumed fruits (mangos and figs), which provide an estimate of the contribution of ectopar-
asites to the dietary needs of R. madagascariensis in term of daily nutrients.

Materials and methods

Study area and bat fly sampling

Bat flies were collected in the context of studies on the population dynamics and
zoonotic diseases of R. madagascariensis in the Grotte des Chauves-souris (12°57.4'S
49°7.1'E), Réserve Spéciale d’ Ankarana, Northern Madagascar, with hundreds of individ-
uals being captured, weighed, measured, marked, and released. Bat flies parasitizing this
species include the blood-feeding dipteran insects Megastrebla wenzeli (Jobling, 1952)
(Streblidae) and Eucampsipoda madagascariensis (Theodor, 1955) (Nycteribiidae), which
often heavily infest individuals of R. madagascariensis (Rajemison et al. 2017a). During
the gravid stage, female bat flies of both families display a distinct extended and white ab-
domen, and intensively ingest blood meals for intra-uterine development of a single larvae.
The 3rd instar larva is deposited on a rock surface of the cave and then pupates (Marshall
1982; Dick and Patterson 2006). Ectoparasites were individually collected from captured
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R. madagascariensis leaving or entering the cave day roost, and then desiccated and stored
in silica gel until chemical analyses.

Fruit sampling

Six Ficus (Linnaeus, 1753) (Moraceae) species with ripe fruits were inventoried during
the study period in the Réserve Spéciale d’Ankarana: Ficus antandronarum (Berg, 1986),
F. grevei (Baillon, 1895), F. lutea (Vahl, 1805), F. politoria (Lamarck, 1788), F. reflexa
(Thunberg, 1786), and F. tiliifolia (Baker, 1885). Of each tree sampled, the fruits were col-
lected, dried in the open air, and then packed in a plastic “whirl-bag” containing silica gel
for subsequent chemical analysis. Ficus politoria and F. tiliifolia are locally consumed by
R. madagascariensis (Vololona et al. 2020), and it is not known whether fruits from the
other fig species are eaten. In addition, the fruits of five varieties of Mangifera indica (Lin-
naeus, 1753) (Anacardiaceae) including manga gasy, manga antombato, mangam-panihy,
manga fody, and manga bory mena, consumed by R. madagascariensis in the periphery of
the study site (village of Mahamasina) (Vololona 2020) were collected and processed in
the same way as Ficus. Herbarium specimens were collected, identified from the Missouri
Botanical Garden (2017) website, then deposited in the herbarium of Foibem-pirenena
momba ny Fikarohana ampiharina amin’ny Fampandrosoana ny eny Ambanivohitra
(FOFIFA, TEF) in Antananarivo, Madagascar, as reference samples.

Chemical analyses

The studied food components included nitrogen (as the basis for calculating crude pro-
tein), fat, and water-soluble carbohydrates (referred to herein as “sugar”). The proportion
of protein, lipids, and energy provided by bat flies was calculated and compared with those
of figs and mangoes, in order to evaluate the contribution of ectoparasites in the daily nu-
trients for R. madagascariensis.

Nitrogen concentrations were analyzed for collected fruits and for single individual bat
flies from both dipteran families (when individual flies weighed more than 0.5 mg in dried
mass) and for pooled samples of Nycteribiidae (when individual flies had body mass less
than 0.5 mg). The total nitrogen of the silica-dried ectoparasite and fruit samples was meas-
ured with an elemental analyzer following pyrolysis (EURO-EA 3000, Eurovector, Pavia,
Italy). Mass calibration was conducted with the use of the certified standard 2,5-bis (5-
tertbutyl-2-benzoxazol-2-yl) thiophene (6.51% N; 72.52% C; HEK Atech, Wegberg, Ger-
many) (Tom-Dery et al. 2018). The crude protein content for the animal matter was
calculated as nitrogen x6.25, while fruit protein content was calculated as nitrogen con-
centrations x4.4 (Milton and Dintzis 1981; Ortmann et al. 2006).

Nycteribiids were too small for individual lipid (fat) analyses, and we visually allotted
individuals to four groups based on size: (1) the smallest animals without a visible white
abdomen and not gravid, (2) the next size class included animals with a visible white ab-
domen spot, (3) the following size class composed of animals having prominent white ab-
domen partially extending the abdomen, and (4) the last class with the larvae well
developed and notably extending the female’s abdomen. Despite significant size differences
(categories were not measured but estimated visually), the mean body mass of individuals
in the first three groups differed little, while the animals in the fourth size group had dis-
tinctly higher body mass. Mean body mass of the four groups were: 0.303 mg, 0.335 mg,
0.350 mg, and 0.680 mg based on n=70, 60, 72, and 83 individuals, respectively. Since we
only weighed the individuals pooled per size class, we cannot provide any measure of mass
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variability or statistical analyses for the comparison of groups. We did not sex the bat flies
but assume that class four individuals were gravid females. Lipids were extracted with
ether using an ANKOM (Macedon, USA) fat analyzer.

For fruits, sugar was assessed after extraction with 50% methanol using the phenolic-
sulfuric acid assay with sucrose as a standard (Ortmann et al. 2006). Sugars were not meas-
ured for bat flies, as they are assumed to be negligible for energy calculations in insects.
The energetic values of food types were calculated as 37.7 kJ/g for lipids and 16.7 kJ/g for
both protein and sugar (National Research Council 2003).

Wendeln et al. (2000) and Nasir et al. (2020) found that for Ficus in Panama and Nigeria
respectively, protein and lipid content of seed are significantly higher than pulp. In Ficus
obtusifolia (Kunth, 1817) fruits from Panama, seeds accounted for 70.2% of the lipids,
31.3% of soluble protein, 40.6% of the nitrogen and 9.9% of the soluble carbohydrates
(“sugars”) contained in fruit; and similar proportions were noted for F. nymphaeifolia
(Miller, 1768) (Wagner et al. 2015), suggesting that the proportions can be generalized
across species of this genus. Assuming that the same disproportion of nutrients occurs be-
tween seeds and pulp of Malagasy figs, and as nutrients in fig seeds are generally not con-
sumed by fruit bats (Andrianaivoarivelo et al. 2012b; Gunawan et al. 2016), and since R.
madagascariensis tends to not swallow and split out large quantities of fig seeds (Vololona
et al. 2020), the possible nutritional content of figs ingested can be calculated by subtracting
the nutrients contained in seeds from the nutrients measured for the fruits as a whole.

Statistical analyses were performed with R (R Development Core Team, Vienna,
Austria) version 4.0, and SPSS (IBM, Armonk, USA) version 21. Due to the small sample
size and non-normally distributed data, non-parametric tests were chosen. The variation
of nutrient content between fig, mango, and ectoparasites was tested using Mann-Whit-
ney-Wilcoxon test. Spearman rank correlation was used to evaluate the correlation between
bat fly body mass and nutrient content.

Results

Fruit chemistry

The protein concentration in whole fig fruits (pulp and seeds) varied from 3.04% for Ficus
reflexa t0 9.11% for F. politoria (Table 1), with an average of 4.65% across fig species. Mango
pulp had a mean protein concentration of 2.25% (1.85-3.48%). With a mean lipid concen-
tration of 5.51%, figs contain more fat than mango pulp (0.58%). It should be noted that
“lipids” might represent undigestible waxes from the cuticula. Sugar concentrations in figs
averaged 17.62% but varied widely, possibly due to different states of ripeness, while mango
pulp had a sugar content of 68.64%. Whole figs (including pulp and seed) are significantly
richer in terms of protein (Mann-Whitney-Wilcoxon test: W=169, p<0.001, n=30) and lipid
(Mann-Whitney-Wilcoxon test: W=167, p<0.001, n=30) than mango pulp; the opposite pat-
tern was found for sugar concentration (Mann-Whitney-Wilcoxon test: W=0, p<0.001, n=30).

After subtracting the nutrients contained in seeds, 100 g of fig provide 2.73 g of protein
(58.7% of the protein measured in whole fruits), 1.64 g of lipids (29.8% of the lipids meas-
ured in whole fruits), and 15.88 g of sugar (90.1% of the sugars measured in the whole
fruit). Thus, the protein content of fig pulp is similar to that of mango pulp (Mann-Whit-
ney-Wilcoxon test: W=118.5, p=0.158, n=30); however, the lipid content is biased in favor
of fig pulp (Mann-Whitney-Wilcoxon test: W=151, p<0.001, n=30). The concentration of
sugar in fig pulp is lower than in mango pulp (Mann-Whitney-Wilcoxon test: W=0,
p<0.001, n=30) (Table 1).
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Chemical composition of bat flies

The protein concentrations of bat flies were not correlated with their body mass, neither
in the individual-based analyses of Nycteribiidae or Streblidae, nor when both families
were pooled (Spearman rank correlation: rg=0.08, p=0.74, n=20) (Figure 1).

Table 1. Chemical composition of fruits (g/100 g of dry matter) possibly consumed by Rousettus
madagascariensis. For all fig taxa we provide the mean based on whole fruits (pulp and seeds) and
the values after subtraction of fig seeds in square brackets. Data for mangos (Mangifera indica) are
based on analyses of pulp. The Malagasy names for mango varieties are presented.

F. antandronarum (n=1) 1.29 5.68 11.78 4.19
F. grevei (n=5) 0.90+0.07 3.96+0.31 3.29+0.88 4.10+0.84
F lutea (n=1) 0.70 3.08 3.64 41.40
F. politoria (n=5) 2.07+0.17 9.11+0.75 8.11£3.36 5.35+£3.31
F. reflexa (n=2) 0.69+0.04 3.04+0.18 4.29 29.32+8.92
F tiliifolia variety 1 (n=3)  0.89+0.27 3.92+1.19 4.99+1.57 24.06+6.75
F tiliifolia variety 2 (n=5)  0.85+0.12 3.74+0.53 2.44+0.66 14.93+9.81
All fig taxa (n=7) 1.05 4.65 [2.73] 5.51 [1.64] 17.62 [15.88]
Mangifera indica
manga bory matsiko (n=1) 0.46 2.02 0.14 73.21
manga bory mena (n=1) 0.42 1.85 0.18 66.65
manga antombato (n=2) 0.45+0.09 1.98+0.40 0.32+0.06 73.86+2.23
manga fody (n=1) 0.42 1.85 0.53 71.29
manga gasy (n=2) 0.53+0.1 52.33+0.66 0.36+0.22 73.92+4.04
mangam-panihy (n=1) 0.79 348 1.96 52.94
All mango taxa (n=6) 0.51 2.25 0.58 68.64
A
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Figure 1. Concentrations of lipids and protein (%) in Nycteribiidae and Streblidae flies in relation
to body mass (mg); protein was measured by individuals and lipids by pooled individuals.
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The lipid content for the pooled samples of Nycteribiidae and Streblidae showed a clear
relation with body mass (Spearman rank correlation: rg=1.0, p<0.05, n=5) though sample
sizes are too small for any trustworthy statistics (Figure 1) (Table 2).

Protein and energy contribution of fruits and bat flies

One gram of mango and figs (after subtraction of seeds) provides 22.5 and 27.3 mg of
protein, respectively. Following the energy standard of 37.7 kJ, provided by 1 g of lipid,
and 16.7 kJ/g for both protein and sugar (National Research Council 2003), and the results
presented in Table 1 and Table 2, the energy content of 1 g of mango would be 12.06 kJ
(11.68 kJ from lipids and sugar), and 1 g of fig would provide 3.73 kJ (3.43 kJ from lipids
and sugar). One gram of Nycteribiidae flies (corresponding to an estimated 2074 individ-
uals) would provide 845.6 mg of protein and 16.77 kJ of energy (2.68 kJ from lipids). The
protein contribution of 1 g of Streblidae (887 individuals) would be 847.5 mg/g, and the
energy contribution would be 20.33 kJ (6.11 kJ from lipids). Thus, an average Nycteribiidae
bat fly with a body mass of 0.482 mg provides about 0.406 mg of protein and 0.008 kJ of
energy. One Streblidae bat fly with a body mass of 1.128 mg provides 0.956 mg of protein
and 0.023 kJ of energy.

Nutrient needs of Rousettus madagascariensis and nutrient provision by bat flies

Using the data summarized by Dempsey (2004), the nitrogen requirements of fruit-cat-
ing bats appear to be correlated with their body mass. In the case of the Old World pteropo-
did Rousettus aegyptiacus (body mass: 144-157 g), a single individual needs from
0.36-0.83 g of protein (58—133 mg of nitrogen) to achieve their daily protein balance. In
two New World members of the family Phyllostomidae, Artibeus jamaicensis (Leach, 1821)
(body mass: 37-50 g) needs 0.17-0.46 g of protein (27—-74 mg of nitrogen) on a daily basis,
and Carollia perspicillata (Linnaeus, 1758) (body mass: 18.5 g) 0.14 g of protein (22.4
mg of nitrogen) per day. Thus, as a rule of thumb, and given the uncertainties associated
with the nutritive value of proteins from different sources, we assume that fruit bats would
achieve their daily nitrogen needs by consuming about 1 mg of nitrogen per 1 g of body
mass, or 6.25 mg of protein per 1 g of body mass.

The average body mass of an adult R. madagascariensis is about 60 g (Goodman et al.
2017) and, as mentioned above, figs provide the major part of proteins ingested by R. mada-
gascariensis, and 1 g of fig accounts for 27.3 mg of protein; thus, an individual R. madagas-
cariensis would need about 13 g of dry fig per day to cover its protein needs. Individual R.
madagascariensis consume on average 37 Nycteribiidae and/or Streblidae flies per day (Ra-

Table 2. Body mass, nitrogen, protein, and fat concentrations of bat fly parasites of Rousettus
madagascariensis. Values for body mass, nitrogen, and protein are based on single individuals. Fat
was measured per single individuals for Streblidae and pooled individuals for Nycteribiidae.

Family Body mass (mg) Nitrogen (%) Protein (%) Fat (%)
Nycteribiidae 0.482 13.53 84.57 7.11%
0.173-0.977 11.43-14.45 71.44-90.31 3.30-10.64
n=60 n=13 n=13 n=4 pools
Streblidae 1.128 13.63 85.18 16.20
0.310-1.967 11.50-14.60 71.88-91.25 13.39-20.21
n=8 n=7 n=7 n=4

*Based on four group means of pooled individuals.
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manantsalama et al. 2018), which would provide about 15.10 or 35.56 mg of protein, respec-
tively. This would account for 4% or 10% of the protein requirements of a 60 g fruit bat.

The energy requirements for an individual pteropodid bat having a similar weight as
R. madagascariensis range between 35 and 117 kJ, an amount of energy found on average
in 10 g of fruit consumed per day (Dempsey 2004). Hence, 37 bat flies consumed per day
in this species at Ankarana would cover 0.25 to 2.11% of required energy for R. madagas-
cariensis.

Discussion

Fruit bats might benefit in different manners from the ingestion of their ectoparasites,
which include: (1) lowering parasite loads and (2) compensating for the loss of their own
valuable body resources consumed by hematophagous parasites. Insects generally contain
more protein and important minerals per unit of mass than fruits (Rumpold and Schliiter
2013a, b; Feng et al. 2018). This is the case for the protein in the current study with 1 g of
ectoparasites providing more than 30 times more protein (845.7-851.8 mg of protein) than
1 g of mango (22.5 mg of protein) or fig (27.3 mg of protein). Plus, 1 g of ectoparasite
would supply 10 times more energy than lg of fig. However, ectoparasites are small in
size and R. madagascariensis would have to ingest a large number per day to fulfill its pro-
tein and energy needs. Our results show that the number of ectoparasites that an individual
R. madagascariensis consumes provides 4% to 10% of their daily protein needs. The av-
erage daily ingestion of bat flies at Ankarana provides 0.25 to 2.11% of the required energy
for R. madagascariensis.

Hence, the consumption of bat flies furnishes an important protein supplement for R.
madagascariensis, especially during the austral dry season when the food resources are
limited and this period coincides with the start of the reproductive cycle, specifically cop-
ulation. Although not frequent during the dry season, many lactating females were also
noted to ingest their ectoparasites during the wet season, at a time of fruit abundance (Ra-
manantsalama et al. 2019). The other individual categories appeared to prefer to eat fruit.
This might reflect the preference of this fruit bat to differentially consume fruit, rather than
insects, when possible, as their digestive tract is more adapted for fruit and other plant parts
such as pollen or leaves (Tedman and Hall 1985, El-Mansi et al. 2019). It should be noted
that some acarian invertebrates also parasitized R. madagascariensis at our study site, albeit
they are not as abundant as bat flies and there are no quantitative data on their level of par-
asitism (Rajemison et al. 2017b). Nycteribiidae and Streblidae represent about 90% and
10% of bat flies occurring on an individual R. madagascariensis, respectively (Rajemison
et al. 2017a, b); however, it is unknown if individuals of these two families are preferen-
tially consumed and, if so, Streblidae should be favored, as these bat flies would provide
more nutrients as compared with Nycteribiidae. Occurrence of ectoparasites on the body
of captured R. madagascariensis showed that all bat flies are not completely consumed,
particularly those occurring in ch1} areas of the host.

The lipid content provided by 1 g of ectoparasites is up to 3 and 28 times higher than
in figs or mango, respectively. The high lipid content in figs might actually be due to undi-
gestible waxes in the cuticula, and may be of little nutritive value; mangos ripen locally at
the end of the austral dry season and during the wet season (Vololona 2020), and provide
four times more sugar than figs.

According to our analyses, the consumption of ectoparasites by the host contributes little
to their energy budget, but can cover up to 10% of the protein needs. Thus, ectoparasite con-
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sumption might be more important in terms of protein or essential amino acids than in terms
of energy. The argument is incomplete, as the host actually only “recycles” its own blood by
consuming its parasites. A highly infested host might consume more ectoparasites than a non-
infected individual, but certainly loses more nutrients to the parasites than the latter.

Other parameters should have been considered in the data we used to calculate the con-
tribution of nutrients furnished by the ectoparasites to the host. Mineral elements such as
iron and zinc can also influence Rousettus behavior in relation to the consumption of ec-
toparasites. For example, Aljane and Ferchichi (2009) have shown that fruits generally
contain zinc in small proportions, an element that during the breeding season is important
in mammals for sperm production (Bedwal and Bahuguna 1994; Allen and Ullrey 2004).
Although calcium concentration is notably high in Ficus (Valvi and Rathod 2011; Andri-
anaivoarivelo et al. 2012a), the importance of zinc and iron, as well as other minerals, such
as copper and magnesium, should be considered in future studies of elements influencing
dietary shifts in fruit-consuming bats. While insect consumption is often related to avail-
ability rather than to their nutritive value (Redford and Dorea 1984), the associated nutri-
tional value in terms of essential amino acids and minerals is likely to be important
(Raubenheimer and Rothman 2013). Actual data to address this issue beyond speculations
is lacking, and should be the focus of future studies.

Our quantitative data related to the number of ectoparasites consumed by R. madagas-
cariensis during the austral dry and wet season, covering all stages of the reproductive
cycle (mating, gestation, and lactation), needs to be compared with the minimum number
of bat flies identified in faecal samples of each sampled individual. Moreover, there may
be some biases in the estimation of the protein and the energy provided by consumed ec-
toparasites per day in this study, as the proportion of non-digestible nitrogen (like those
associated with chitin) was not removed in our calculations.

During the last decades, various pathogens have been detected in bat ectoparasites
(Seneviratne et al. 2009), including bat flies of pteropodid bats (Obame-Nkoghe et al.
2016, Wilkinson et al. 2016, Ramanantsalama et al. 2022). Since ectoparasite consump-
tion is beneficial for fruit bats, a possible correlation might exist between energetic adap-
tations in these animals and the transmission dynamics of different pathogens. Beyond
the aspect that bat ectoparasites are potential carriers of pathogens, these invertebrates
are also suspected to have the ability to transmit endogenous parasites between bats
(Tendu et al. 2022). Knowledge of such correlations remains limited and also deserves
more attention.

Conclusions

The analysis of protein contained in hematophagous ectoparasites and fruits consumed
by R. madagascariensis showed that bat flies indeed supplement protein needs; while in
terms of carbohydrates, fruits provide much of the needed requirements. From the perspec-
tive of optimal foraging and nutritional physiology, Streblidac are by far more rewarding
“prey” for Rousettus in terms of nutrients, as compared to smaller Nycteribiidae. If ec-
toparasites are selectively consumed for their amino acid or mineral contents, R. mada-
gascariensis should select Streblidae over Nycteribiidae. In turn, this would reduce the
abundance of Streblidae, thus making Nycteribiidae the more abundant ectoparasite on R.
madagascariensis. This would represent an interesting predator-prey interaction where
both components act as predator and prey simultaneously, and where nutritional aspects
and prey abundances interact (e.g., Raubenheimer and Simpson 2018).
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