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ABSTRACT

Background

Bats are important reservoir hosts for a variety of microparasites, some of which are transmitted
by ectoparasite vectors that include mites, fleas, lice, ticks, and bat flies (families Nycteribiidae
and Streblidae). All of these ectoparasite taxa are known to parasitize two endemic fruit bats of
Madagascar, Eidolon dupreanum and Rousettus madagascariensis. We aimed to describe the
diversity of ectoparasite infestation for both bat species through morphological observation and
DNA barcoding and elucidate ecological and climatic correlates of seasonal nycteribiid parasitism
of these hosts.

Methods

Live E. dupreanum and R. madagascariensis fruit bats were captured monthly in northern and
central-eastern Madagascar from 2013-2020. Ectoparasites on all captured bats were counted
and identified in the field, then collected into ethanol. Field identification of a subset of samples
were confirmed via microscopy and DNA barcoding of the cytochrome C oxidase subunit 1 (COIl)
and 18S genes. The seasonal abundance of nycteribiid bat flies on both host bats was analyzed
using generalized additive models, and the role of climate in driving this seasonality was assessed
via cross-correlation analysis combined with generalized linear models. Phylogenetic trees were
generated to compare COland 18S sequences of Madagascar nycteribiid and streblid bat flies
with available reference sequences from GenBank.

Results

Ectoparasites corresponding to four broad taxa (mites, ticks, fleas, and bat flies) were recovered
from 628 of 873 E. dupreanum and 831 of 862 R. madagascariensis. E. dupreanum were most
commonly parasitized by Cyclopodia dubia nycteribiids and R. madagascariensis by
Eucampsipoda madagascariensis nycteribiids or Megastrebla wenzeli streblids. We observed
significant seasonality in nycteribiid abundance on both bat hosts, which varied by bat sex and
was positively correlated with lagged temperature, precipitation, and humidity variables.
Barcoding sequences recovered for all three bat fly species grouped with previously reported
sequences, confirming morphological species identification. Our study contributes the first DNA
barcodes of any kind reported for M. wenzeli and the first 18S barcodes for C. dubia.

Conclusion

This study explores the diversity and abundance of ectoparasite burdens in two Malagasy fruit
bat species, highlighting the importance of seasonal ecology and the influence of climate variables
on parasitism, which correlates with resource availability.

Key words
Bat fly, bat ectoparasite, DNA barcoding, Eidolon dupreanum, Madagascar, Nycteribiidae,
Pteropodidae, Rousettus madagascariensis, Streblidae
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77  MAIN MANUSCRIPT
78 BACKGROUND
79 Bats (order: Chiroptera) are reservoir hosts for several highly virulent zoonotic viruses (1),
80  which they appear to host without experiencing clinical disease (2). Bats also host a variety of
81 non-viral pathogens, including protozoa (3), bacteria (4), fungi (5,6), and helminths (7), some of
82  which are known to cause significant pathology (5,6,8). In addition, bats can be parasitized by a
83  diversity of hematophagous ectoparasites—including mites, fleas, lice, ticks, and bat flies—which
84  can function as microparasite vectors (9,10). While the majority of bat viruses described to date
85 are directly transmitted via contact with bat excreta (feces, urine, saliva), bat ectoparasites have
86  been reported as potential vectors of Polychromophilis spp. (3,11) and Trypanosoma spp. (12—
87  15) protozoa, as well as Bartonella spp. (4,16—-24), Rickettsia spp. (16,25,26) and Borrelia spp.
88  bacteria (25,25-28). Bat flies (Order: Diptera; Superfamily: Hippoboscoidea) are the most widely
89 recognized bat ectoparasites; bat flies are obligate pupiparous ectoparasites that comprise two
90 families: the monophyletic and wingless Nycteribiidae, which are occasionally found in the New
91  World but most commonly identified on Old World bats, and the paraphyletic, winged Streblidae,
92  for which disparate New World and Old World clades are recognized, with higher diversity in the
93  New World (29,30).
94 Madagascar, an isolated island off the southeastern coast of Africa, is home to 49 bat
95  species, including 38 endemics (31). Intensive biosurveillance of the island’s bats over the past
96 two decades has led to the discovery and characterization of numerous bat-borne viruses (32—
97  42), protozoa (3,43), bacteria (4,44,45), and helminths (46). Some highly divergent Malagasy bat
98 pathogens reflect the island’s longstanding phylogeographic isolation (34,35,47,48), while others
99  with high identity to African bat pathogens suggest recent cross-continental genetic exchange
100 (34,36,47,48). Parasitism of Malagasy bats by mites, fleas, ticks, and bat flies has been previously
101  described (4,49). Most prior research on Madagascar’s bat flies has focused on elucidating
102  Nycteribiidae diversity (50-53), including through molecular characterization (46,49). At least nine
103  species of nycteribiid bat fly infest a variety of Malagasy bats, including Cyclopodia dubia and
104  Eucampsipoda madagascariensis, species-specific ectoparasites of, respectively, the endemic
105 Malagasy fruit bats, Eidolon dupreanum and Rousettus madagascariensis (4,49,54). In addition,
106  distinct Basilia sp. nycteribiids have been identified as species-specific ectoparasites of the
107 endemic vesper bats, Scotophilus robustus, S. marovaza, and Pipistrellus hesperidus, as well as
108 the pan-African emballonurid bat, Taphozous mauritianus (49,54,55). By contrast, at least three
109 nycteribiid ectoparasites (Penicillidia sp., P. leptothrinax, and Nycteribia stylidopsis) are known to

110 parasitize multiple species of Malagasy bat hosts, including Myotis goudoti and at least eight
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111  Miniopterus spp. (49,54). Only a few early morphological studies describe parasitism of Malagasy
112  bats by Streblidae bat flies: the streblid Megastrebla wenzeli has been cited as a species-specific
113 ectoparasite of R. madagascariensis (56,57), but to our knowledge, no molecular data for
114  Malagasy streblids have yet been contributed to the literature.

115 In addition to systematics and taxonomy, several studies have described potential vector
116 roles for Malagasy bat flies. Bartonella spp. bacteria have been identified in the Malagasy bat
117 flies, C. dubia, Basilia sp., P. leptothrinax, and N. stylidiopsis (4,58). Our team recovered nested
118 sequences of Bartonella spp. in C. dubia and their obligate E. dupreanum fruit bat hosts;
119 Bartonella spp. were absent from Thaumapsylla sp. fleas infesting the same bats, suggesting a
120 possible vectorial function for the bat flies (4). Similarly, nested sequences of Polychromophilus
121  melanipherus protozoa were detected in P. leptothrinax and N. stylidiopsis and their obligate bat
122  hosts, Miniopterus aelleni, M. manavi, and M. gleni, again suggesting a vectorial capacity for the
123 bat flies (3). To our knowledge, experimental confirmation of true vector-microparasite
124  relationships has not yet been carried out for any Malagasy bat fly.

125 More recent work has provided deeper insights into the ecology of parasite-host
126 relationships for the nycteribiid E. madagascariensis and the streblid M. wenzeli with their obligate
127 R. madagascariensis bat hosts. Prior work in northern Madagascar’'s Ankarana National Park
128 showed higher rates of E. madagascariensis parasitism of R. madagascariensis male vs. female
129 bats and a higher prevalence of parasitism during sampling events carried out in the Malagasy
130 dry (September) vs. wet season (January) (59); the sex ratios of E. madagascariensis also
131 skewed towards males (59). No significant differences in parasitism intensity across host sex or
132  age categories or time of sampling were identified for the much less prevalent M. wenzeli bat flies
133  (59). Within each sampling season, the same study identified a significant positive correlation
134 between bat body condition index (a proxy for bat health) and the abundance of E.
135 madagascariensis (60). Bats with better body conditions were associated with higher abundance
136 bat fly infestations, a result the authors explained could be simply due to due to larger surface
137 area available or improved bat pelage for nycteribiid fixation (60). Field studies in both northern
138 (60) and central Madagascar (61) have shown that fruit bat body conditions improve during
139 Madagascar’s resource-abundant wet season (~December — April), as compared to the resource-
140  poor dry season. Prior work in northern Madagascar has also documented R. madagascariensis
141  consumption of both nycteribiid and streblid bat flies, a habit which provides a likely important
142  protein source to these frugivorous bats in the dry season (62—64).

143 Here, we aimed to characterize ecological patterns of ectoparasite-host association for

144  two species of cave-dwelling, endemic Malagasy fruit bats, E. dupreanum and R.
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145 madagascariensis. Using data from longitudinally-monitored roost sites in northern and central
146  Madagascar, we sought to quantify seasonal variation in bat fly parasitism for these two bat host
147  species and elucidate a possible role for climate in explaining this variability. Finally, we aimed to
148  expand prior molecular studies of Madagascar bat flies to include M. wenzeli streblid parasites of
149 R. madagascariensis.

150

151 METHODS

152

153 Bat sampling and ectoparasite collection

154 Endemic Malagasy fruit bats were captured at roughly six-week intervals at longitudinally-
155 monitored roost sites in central-eastern Madagascar (Eidolon dupreanum: Angavokely,
156  Angavobe, Lakato caves; Rousettus madagascariensis: Maromizaha cave) and in Ankarana
157  National Park in northern Madagascar between November 2013 — March 2020 in part with
158 ongoing studies characterizing seasonal viral dynamics in these bat populations (Table S1)
159  (32,34-36). Bats were captured using mist nets hung at cave entrances at dusk and dawn. Upon
160 capture, all bats were removed from nets and placed individually in clean, cloth bags for
161 processing (all bags were washed prior to reuse on a new individual). During processing, bats
162  were weighed (in g) using a Pesola scale, and forearm measurements (in mm) were collected
163  with a caliper. All bats were visually examined for ectoparasites, and any observed ectoparasites
164  were removed with foreceps and counted in the field into broad taxonomic categories (ticks, mites,
165 fleas, and bat flies in family Nycteribiidae or Streblidae). Following counting, all ectoparasites
166  collected from a single bat were stored collectively in a tube filled with 70% ethanol and labelled
167 corresponding to the sample number of the host bat.

168

169 Morphological identification of ectoparasites

170 Following field studies, ectoparasite samples collected from E. dupreanum and R.
171  madagascariensis bats captured between February 2018 and November 2019 were examined
172 under a standard light microscope (OMAX M8311) and subject to additional morphological
173 assessment (hereafter, the ‘morphological data subset’). Under the microscope, different
174  ectoparasite species were sorted morphologically and recounted into broad taxonomic categories
175  (ticks, mites, fleas, and Nycteribiidae or Streblidae bat flies) following previously published
176 taxonomic guides. These included general guides for bat ectoparasites broadly (65), specific
177  references for bat mites (66,67) and specialized guides for Malagasy bat flies in both Nycteribiidae

178 (51-53) and Streblidae (56,57) families. Where possible, ectoparasites were further categorized
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179 by genus and species, and bat flies were grouped by male and female sex. Photographs were
180 taken of all observed genera of any ectoparasite taxa.

181

182  Molecular identification of ectoparasites

183 Ectoparasite specimens from samples collected between February 2018 and November
184 2019 were exported to the University of Chicago for molecular identification. A random subset of
185 Dbat flies corresponding to all three species observed during morphological study were selected
186  for DNA extraction and barcoding (Table S2). For all selected specimens, DNA was extracted
187  using the Zymo Quick-DNA 96 Plus Kit, following the manufacturer’s instructions and including
188 the step for Proteinase K digestion. Following extraction, DNA quality was verified on a hanodrop,
189 and high quality DNA samples were barcoded via amplification of the well-conserved cytochrome
190 C oxidase subunit 1 gene (COI) (650bps), using LCO1490 and HCO2198 primers that have been
191 previously published (68) and previously applied in molecular studies of Malagasy bat flies
192  (49,54). All polymerase chain reactions (PCR) were conducted in 25ul reaction mixtures
193 containing 12.5ul of GoTaq colorless master mix (Promega, Madison, WI), 8ul of deionized water,
194  0.25ul of each primer, and 3 ul of extracted DNA. The amplification profile was 95°C for 2 min,
195 followed by 35 cycles of 30s at 95°C, 30s at 49°C, and 30s at 72°C. A final extension step of 7
196 min at 72°C was realized. PCR products were separated by electrophoresis on 1% agarose gel,
197  stained with SYBR Safe DNA gel stain (Invitrogen: S33102) and visualized under UV light. PCR
198 products were purified and sequenced at the University of Chicago genomics core using both
199 forward and reverse primers.

200 Following sequencing and phylogenetic analysis, we subsequently elected to additionally
201  amplify the 18S gene of a subset of representative samples of each of the three bat fly species to
202 compare against available reference sequences. Here, we used previously-published 1.2F and
203 7R PCR primers to target a 1600bp region of the 18S gene of extracted DNA samples (49,69,70)
204  inaconventional (one-step) PCR protocol. All 18S PCR were conducted in 25ul reaction mixtures
205 following the same proportions as used for COl amplification, with the following amplification
206  profile: 95°C for 4 min, followed by 40 cycles of 40s at 95°C, 30s at 57°C, and 60s at 72°C. A final
207  extension step of 10 min at 72°C was realized. PCR products were separated by electrophoresis
208 and purified, then sequenced at the University of Chicago genomics core following the same
209  protocol used for COIl barcoding.

210 Following barcoding, recovered sequences were manually curated in Geneious Prime

211  2022.1.1 (www.geneious.com): the 5" and 3’ ends of all forward and reverse sequences were

212  trimmed, low-support nucleotide calls were eliminated, and a consensus sequence was generated
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213  from paired forward and reverse sequences for all samples. Following cleaning, sequences were
214  submitted to the Barcode of Life Database (BOLD) (71), then subsequently uploaded to NCBI
215 GenBank.

216
217 Climate data
218 Meteorological data used in these analyses were downloaded from NASA Earthdata

219  Program using the Giovanni tool (https://giovanni.gsfc.nasa.gov/giovanni/) in raster format. We

220 downloaded monthly temperature (°C), precipitation (mm), and diurnal humidity (% relative
221  humidity, RH) data for all of Madagascar from January 2013 to December 2019 (Table S1).
222  Monthly averages per year were calculated in R (v4.4.1) (72) for a 30-km buffer surrounding the
223 Angavokely and Maromizaha roost sites (respectively for E. dupreanum and R.
224  madagascariensis), for which we evaluated seasonal patterns in parasitism. The 30-km buffer
225 was chosen as an appropriate spatial resolution to account for variation in the resolution of the
226  different meteorological datasets, as well as to encompass the average distance a bat may travel
227  in atypical foraging night.

228

229 Data analysis

230 All analysis was conducted in R. All data and code can be accessed freely through our
231  open-access Github repository: https://github.com/brooklabteam/Mada-Ectoparasites.

232

233  Host-ectoparasite associations and correlations with field studies

234 Using the ‘bipartite’ package in R (73), we first constructed an alluvial plot to group host-
235 ectoparasite relationships from the morphological data subset by bat species and associated
236  ectoparasites categorized into Class, Order, Superorder, Family, and Genus.

237 Next, to evaluate the accuracy of our parasitological classifications in the field and
238 evaluate whether field estimates of ectoparasite counts by taxonomic group across our entire
239 2013-2020 time series could be used to test ecological hypotheses, we compared morphological
240  counts under the microscope of nycteribiid bat flies (C. dubia for E. dupreanum hosts and E.
241 madagascariensis for R. madagascariensis hosts) against raw field counts of the same species.
242  To this end, we used a simple linear regression to test the strength of association between
243  nycteribiid count via microscopy in the laboratory and nycteribiid count in the field using the
244  morphological data subset which reported both metrics. Because we only began reliably

245  recognizing and recording counts of M. wenzeli several years into our time series, we did not
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246  attempt to compare field and laboratory counts of streblid parasites of R. madagascariensis but
247  instead limited ecological analyses to nycteribiid bat flies only.

248

249  Correlates of seasonal nycteribiid abundance using Generalized Additive Models (GAMS)

250 Because our comparison of field- and laboratory-derived nycteribiid counts suggested that
251 we accurately estimated ectoparasite burden in the field (see ‘Results’), we carried out all
252  subsequent analysis of seasonal patterns in parasitism using the field-derived dataset, which
253  spanned from August 2013 — March 2020. Seasonal analyses reported in the main text were
254  restricted to the subset of our data collected in central-east Madagascar (E. dupreanum roosts:
255  Angavobe and Angavokely; R. madagascariensis roost: Maromizaha), where E. dupreanum were
256  sampled in 11/12 months of the year (missing May only) and R. madagascariensis were sampled
257 in all months of the year. We also report seasonal analyses for our northern Madagascar site
258 (Ankarana National Park) in the Supplementary Materials, with the caveat that the temporality of
259 these data are more limited: E. dupreanum were sampled in March-April and August-November
260 in this site and R. madagascariensis in March and August-November. For both study regions, we
261  further restricted seasonal analyses only to adult bats to allow for comparison of the impact of sex
262 and body condition on nycteribiid bat fly abundance within each bat host species.

263 We used the ‘mgcv’ package in R (74) to construct generalized additive models (GAMS)
264  aimed at identifying ecological correlates of the response variable of the abundance of nycteribiid
265  ectoparasites infesting our two bat host species, separately for our two study regions. We first fit
266  a series of Poisson GAMs to our data, evaluating the correlation of a suite of diverse predictor
267  variables against the response variable of nycteribiid count, separately for E. dupreanum and R.
268 madagascariensis bat hosts. We tested the hypothesis that ectoparasite abundance varied
269  seasonally by allowing for a smoothing spline predictor of ‘day of year’ and a random effect of
270 ‘sampling year’ in each GAM. We tested hypotheses that allowed for host sex-specific differences
271  in the seasonality of parasitism (incorporating ‘bat sex’ in the smoothing spline ‘by’ term) vs. a
272  composite seasonality across the two sexes. We also compared models which additionally
273 incorporated random effect smoothing splines for the categorical variable of host bat sex and
274  thinplate smoothing splines for mass: forearm residual (MFR), a measure of host body condition
275 that we have previously shown to vary seasonally in these populations, tracking resource
276  availability (61). We calculated MFR as the residual of the regression of logip mass (in g) per logio
277  forearm length (in mm) for each separate sex (male vs. female) and species (E. dupreanum vs.
278 R. madagascariensis) subset of our data. For all central-east analyses, we fixed the seasonal

279  smoothing knots (‘k’) at 7 as recommended by the package author (74); for northern Madagascar
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280 data, we limited smoothing knots to 4 due to more limited seasonality in the data. In all cases, we
281 modeled the ‘day of year’ smoothing spline as a cyclic cubic spline to force continuity from the
282 end of one year to the beginning of the next. We compared all GAM formulations by Akaike
283  Information Criteria (AIC) to determine the best fit to the data.

284 For the central-east study region, we additionally reran our GAM analysis on the
285 morphological data subset, this time including the additional categorical predictor of bat fly sex,
286  which we recorded during microscopy. As with the complete field datasets, we compared model
287  fits by AIC and plotted significant predictor variables for both bat species and sex combinations.
288 Too few individuals were morphologically evaluated from our northern Madagascar field site to
289 allow for similar analysis for this region. Additionally, using the morphological data subset we
290 carried out a two-sided student’s t-test comparing the mean abundance of male vs. female
291 nycteribiids observed on E. dupreanum and R. madagascariensis bats for the two localities
292  (central-east and north) surveyed.

293

294  Cross-correlation analysis of nycteribiid association with climate

295 Because our GAMs indicated significant seasonality in nycteribiid abundance across our
296 time series (see ‘Results’), we next evaluated the role of climate in driving this seasonal variation.
297  To this end, we carried out cross correlation analysis in the R package ‘sour’ (75) to calculate the
298 optimal lag between the mean nycteribiid bat fly (C. dubia for E. dupreanum and E.
299 madagascariensis for R. madagascariensis) count per bat per month from 2013 - 2019 and the
300 monthly average of our three climate variables (mean monthly diurnal humidity, mean monthly
301 precipitation rate, and mean monthly temperature) for the corresponding locality (Angavokely
302 cave for E. dupreanum and Maromizaha cave R. madagascariensis) across the same timespan.
303  We considered monthly time lags up to one year by which climate variables preceded ectoparasite
304  burden. Because our GAM analyses indicated significant seasonal deviations by host bat sex in
305 ectoparasite burden (see ‘Results’), we calculated optimal lags to disparate ectoparasite burden
306 time series for male and female host bats for the two species. Additionally, for visualization
307 purposes, we summarized monthly averages across the entire study period for all three climate
308 variables and for bat fly abundance for both bat hosts.

309

310 Climate correlates of nycteribiid abundance using Generalized Linear Models (GLMs)

311 Following cross correlation analysis, we next constructed a composite dataset that
312 included the three optimally lagged climate variables alongside the corresponding ectoparasite

313  burden for each bat species and sex. Then, we compared a series of Poisson family generalized
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314  linear models (GLMs) to evaluate linear predictors of nycteribiid bat fly count, separately for E.
315 dupreanum and R. madagascariensis. In addition to the three climate variables, models included
316  predictor variables of bat sex and MFR. We compared model fits by AIC and reported the
317 incidence rate ratio of all significant correlates in the top-performing model for each species.

318

319  Phylogenetic analysis

320 Finally, using data generated from DNA barcoding, we constructed one COIl and one 18S
321 maximum likelihood (ML) phylogenetic tree comparing Madagascar bat fly (nycteribiid and
322  streblid) DNA sequences with available reference sequences downloaded from NCBI and
323 reported in previous studies (29,49,76,77). We rooted both phylogenies with Drosophila
324  melanogaster; see Table S3 for NCBI accession numbers for all sequences (both new and
325 reference) included in our phylogenetic analyses. For both COIl and 18S phylogenies, we aligned
326  sequences using the default parameters in MAFFT v7 (78,79), and checked alignments manually
327  for quality control in Geneious Prime. We carried out all subsequent phylogenetic analyses on
328 both a trimmed alignment of the conserved region of each gene (COI: 336bp; 18S: 391bp), in
329  addition to an untrimmed version. As results were comparable across the two methodologies, we
330 report results of only the untrimmed alignments here. All sequence subsets and alignment files
331 (including trimmed versions) are available for public access in our GitHub repository:
332  https://github.com/brooklabteam/Mada-Ectoparasites.

333 Following quality control, alignments were sent to Modeltest-NG (80) to assess the best
334 fit nucleotide substitution model appropriate for our data. Both alignments (COI and 18S) were
335 subsequently sent to RAXML-NG to construct the corresponding phylogenetic trees (81) using the
336  best-fit nucleotide substitution model as estimated by Modeltest-NG (80). Following best practices
337 outlined in the RAXML-NG manual, twenty ML inferences were made on each original alignment
338 and bootstrap replicate trees were inferred using Felsenstein’s method (82), with the MRE-based
339  bootstopping test applied after every 50 replicates (83). Bootstrapping was terminated once
340 diagnostic statistics dropped below the threshold value and support values were drawn on the
341  best-scoring tree. We plotted the resulting phylogenetic trees using the ggtree package in R (84).
342

343 RESULTS

344
345 Bat fly detection and host-parasite associations
346 From 2013-2020, we captured from 873 E. dupreanum bats (408 male, 465 female) and

347 862 R. madagascariensis bats (457 male, 405 female), which we surveyed for ectoparasites
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348  (nycterbiid and streblid bat flies, fleas, mites, ticks) (Table S1). Among those captured bats, we
349  successfully counted, identified, and collected ectoparasites from 628 E. dupreanum (290 male,
350 338 female) and 831 R. madagascariensis (438 male, 393 female). We undertook detailed
351 morphological analysis of a subset of ectoparasite samples collected from bats captured between
352  February 2018 and November 2019 (E. dupreanum: 137 male, 214 female; R. madagascariensis:
353 241 male, 232 female). Among this morphological subset, we identified 264 (42%) E. dupreanum
354 and 613 (74%) R. madagascariensis that hosted bat flies (family: Nycteribiidae or Streblidae); 114
355 (18%) E. dupreanum and 2 (<1%) R. madagascariensis that hosted fleas, 419 (68%) E.
356 dupreanum and 660 (79%) R. madagascariensis that hosted mites, and 83 (13%) E. dupreanum
357 and 36 (4%) R. madagascariensis that hosted ticks (Fig. 1). Simultaneous parasitism by multiple
358 ectoparasite taxa was common on any individual bat: E. dupreanum were simultaneously
359 parasitized by a mean 1.44 [95% confidence interval (Cl): 1.36-1.51] different ectoparasite taxa
360 (nycterbiids, streblids, fleas, mites, or ticks), while R. madagascariensis were parasitized by a
361 mean 2.11 [95% CI: 2.05-2.17] ectoparasite taxa.

Fleas Bat Flies Mites Ticks

Eidolon dupreanum Rousettus madagascariensis
Thaumapsylla Eucampsipoda Cyclopodia  Megastrebla Meristapsis Other Mites Ornithodoros

Echidnophaga _ ! [t K -
- v F B & @

362

363 Fig. 1. Alluvial plot showing bat host species (center) associations with broad ectoparasite clades (top) and genus-level classifications
364 (bottom). Fleas and bat flies belonging to order Diptera are colored in shades of blue, while mites and ticks belong to class Arachnida
365 (respectively in superorder Acariformes and Parasitiformes) are colored in shades of green. Images taken under the microscope at
366 40x magnification are shown below the names of the corresponding genera.

367

368 One species of nycteribiid bat fly, C. dubia, was identified on E. dupreanum bats. Both the

369 nycteribiid E. madagascariensis and the streblid M. wenzeli were identified on R.
370 madagascariensis bats. E. madagascariensis parasitism of R. madagascariensis was more
371  frequent and occurred at higher abundance than M. wenzeli (Fig. 1). Most bat fleas infesting E.
372  dupreanum were Thaumapsylla sp. previously reported on this host (4), while a few
373  Echidnophaga sp. were also observed. Two fleas that keyed to family Ischnopsyllidae were also
374 observed on two R. madagascariensis bats. Most mites parasitizing either bat host species

375 Dbelonged to the genus Meristapsis, though non-Meristapsis mites were also observed (66,67).
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376  Ticks observed on both bat species keyed to the genus Ornithorodos in the soft-bodied tick family
377  Argasidae (Fig. 1) (65). Downstream molecular assay is needed to confirm genus- and species-
378 level identifications of flea, mite, and tick ectoparasites.

379 A linear regression comparing the laboratory recount of C. dubia on E. dupreanum and E.
380 madagascariensis on R. madagascariensis against the raw field count observations
381 demonstrated a highly significant positive correlation in both cases (Fig. S1; C. dubia: r = 0.92,
382 p<0.001; E. madagascariensis: r=0.91; p<0.001), indicating that our field counts could be used
383  representatively to explore broad seasonal patterns in our dataset.

384

385 Correlates of seasonal nycteribiid abundance from GAMs

386 For both E. dupreanum and R. madagascariensis bat hosts in central-eastern
387 Madagascar, the top-performing GAM to recover seasonal nycteribiid abundance included a
388  cyclic smoothing spline predictor by ‘day of year’ with a ‘by’ term of ‘bat sex’ allowing for disparate
389 seasonal trends of parasitism for male vs. female bat hosts (Fig. 2; Table S4). For both host
390 species, the top-performing model included a predictor of MFR, though this variable only
391 demonstrated partial significance in R. madagascariensis models (Fig. 2B,D). The abundance of
392 C. dubia on E. dupreanum peaked in ~late May/early June for female bats (preceding the onset
393  of the gestation period) and late June for male bats (at the onset of the nutritionally scarce dry
394 season). The abundance of E. madagascariensis on R. madagascariensis peaked in late
395  February/early March for females (~5 months preceding gestation) and March for males during
396 the resource-abundant wet season. Despite improving overall model fit, MFR showed no
397  significant variation with bat fly abundance for E. dupreanum (Fig. 2B). For R madagascariensis,
398 extremely low MFR values were associated with lower bat fly burden, and high MFR values were
399  associated with slightly elevated bat fly burden (Fig. 2D).

400
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Fig. 2. Seasonal variation in the abundance of Nycteribiidae bat flies counted on (A, B) E. dupreanum and (C,D) R. madagascariensis
bats captured at roost sites in central-eastern Madagascar (respectively, Angavobe/Angavokely and Maromizaha caves). Panels (A)
and (C) show seasonal ectoparasite count predictions (red line) from best-fit GAMs for male and female bat hosts of each species,
with 95% CI by standard error shaded in gray. Translucent background points in black correspond to raw data across all years of the
study (2013-2019). Pink background shading corresponds to the gestation period for each species from (61), while blue background
shading corresponds to the nutritionally deficient dry season for the region. Panels (B) and (D) show partial effect (y-axis) of bat host
mass: forearm residual, respectively for E. dupreanum and R. madagascariensis, on bat fly count. Solid lines (gray for non-significant
effects; blue for significant effects) correspond to mean effects, with 95% Cls by standard error shown in translucent shading.

GAMs demonstrated similar results when refit to the Feb 2018-Nov 2019 morphological
data subset (Fig. S2; Table S4). Inclusion of additional categorical predictors of bat host sex and
bat fly sex improved model performance against the morphological data subset, but partial effects
for these predictors were not significant. For GAMs fit to the morphological data subset, MFR had
a significant effect on bat fly count for both E. dupreanum and R. madagascariensis, largely
recapitulating trends from the full field dataset (Fig. 2B,D). For E. dupreanum hosts, low MFR was
associated with high bat fly burden and high MFR with lower bat fly burden (Fig. S2B); patterns
were reversed for R. madagascariensis hosts, where low MFR was again associated with low bat
fly burden, and high MFR was associated with higher bat fly burden (Fig. S2D).

A student’s t-test demonstrated no significant difference in the average count of male vs.
female C. dubia recovered on E. dupreanum hosts (p=0.015) or male vs. female E.
madagascariensis recovered on R. madagascariensis hosts (p=0.07) in the central-eastern data,
where sampling was representative across the entire calendar year (Fig. S3). We did observe

significantly higher mean count of male vs. female nycteribiids for both E. dupreanum and R.
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425  madagascariensis hosts in the morphological data subset from northern Madagascar (p<0.001 in
426  both cases), where sampling was restricted to just the dry season months of the year (Fig. S3).
427 For the northern Madagascar field-derived dataset, the best-fit model for both E.
428 dupreanum and R. madagascariensis hosts included predictor variables of host sex-specific
429  seasonal smoothing splines, in addition to MFR and a random effect of host bat sex (Fig. S4;
430 Table S4). Though the seasonal duration of these data were more limited, we estimated a slightly
431 later peak in nycteribiid burden as compared with central-eastern study sites, with highest
432  abundance observed in ~late August/early September for female E. dupreanum and September
433  for males and in ~late September/early October for female R. madagascariensis and October for
434  males (Fig. S4). The limited sampling window of our data does not preclude the possibility of a
435 second peak in bat fly abundance early in the calendar year. Models fit to data from northern
436  Madagascar recapitulated patterns observed in central-east Madagascar for ectoparasite relation
437  to MFR: no significant correlations were observed for E. dupreanum, though patterns trended to
438  higher bat fly load in low MFR individuals (Fig. S4B). Significant trends were observed for R.
439 madagascariensis, again showing the opposite pattern, with lower bat fly burden in bats with the
440 lowest MFR (Fig. S4E). Though inclusion of bat sex improved model fits to this northern
441  Madagascar data subset, no significant partial effects by sex were observed (Fig. S4C,E).

442

443  Cross-correlation analysis of nycteribiid association with climate

444 Because GAM analyses indicated significant host sex-specific seasonality in bat fly burden
445  for both bat species, we next investigated the correlation between site-specific climate variables
446  and seasonal variation in nycteribiid bat fly count for E. dupreanum and R. madagascariensis. We
447  first plotted the monthly average of three key climate variables (daily humidity, precipitation rate,
448 and temperature) for each roost site (Angavokely and Maromizaha caves), as compared to the
449  monthly average bat fly count per bat for the two species (Fig. 3). We observed a substantial lag
450 between monthly peaks in precipitation and temperature climate variables and the corresponding
451 peak in ectoparasite abundance for both localities studied. We next quantified these lags using
452  cross correlation analysis of the monthly average for each climate variable per year from 2013-
453 2019, compared against the time series of bat fly abundance on male and female bats of both
454  species (Fig. S5; Table S5A). For E. dupreanum, the cross correlation between climate variable
455  and bat fly abundance was maximized at no lag for humidity and abundance on male bats and a
456 5 month lag for females; at a 4 month lag for precipitation and abundance on male bats and a 5
457  month lag for females; and at a 3 month lag for temperature and abundance on male bats and a

458 6 month lag for females (Fig. S5; Table S5). For R. madagascariensis, the cross correlation
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459  between climate and bat fly time series for both male and female bats was maximized at no lag
460 for humidity and one month for both precipitation and temperature time series (Fig. S5B).
461
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462

463 Fig. 3. Mean monthly nycteribiid count per bat for (A) C. dubia parasitism of E. dupreanum, across the full 2013-2020 time series for
464 Angavokely roost site (gray lines and points; left y-axis), as compared with climate variables of monthly averages of (horizontal panels)
465 diurnal humidity (% relative humidity), total precipitation (mm), and temperature (°C) for the same region (red lines and points; right y-
466 axis). (B) E. madagascariensis parasitism of R. madagascariensis, mirroring the same structure in (A), for the Maromizaha roost site.
467 95% Cls by standard error are shown for both ectoparasite and climate data.

468

469  Climate correlates of nycteribiid abundance from GLMs

470 Using the optimally lagged climate time series, we next identified linear predictors of
471  nycteribiid bat fly burden across our field-derived dataset for both bat hosts (Fig. 4). For C. dubia
472  abundance on E. dupreanum, the best-fit GLM included all predictor variables tested: all three
473  climate variables (optimally lagged by bat host sex), in addition to bat sex and MFR (Fig. 4A).
474  Lagged precipitation and temperature were the most influential variables contributing to overall
475  model performance (Fig. 4A). All three climate variables were positively correlated with bat fly

476 burden, while male bat sex was negatively correlated with bat fly abundance, and the effect of
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MFR was not significant (Fig. 4B). For E. madagascariensis abundance on R. madagascariensis,
the best-fit GLM included all predictor variables tested except for MFR (Fig. 4C). Here, lagged
temperature was the most influential variable contributing to overall model performance (Fig. 4C).
As with the E. dupreanum model, all climate variables in the R. madagascariensis model were
positively correlated with bat fly burden, and male bat sex was negatively associated with bat fly

count (Fig. 4D).
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Fig. 4. Influence of climate and demographic variables on the abundance of nyteribiid bat fly count for (A,B) C. dubia abundance on
E. dupreanum and (C,D) E. madagascariensis abundance on R. madagascariensis. (A,C) Top five GLMs using optimally-lagged
climate variables to predict bat fly abundance, ranked by SAICc, for E. dupreanum and R. madagascariensis bat hosts. Rows represent
individual models and columns represent predictor variables. (B,D) Incidence rate ratios of each linear predictor from top-fit models
shown respectively in (A,C). Significant positive correlates are colored red, significant negative correlates are colored blue, and
insignificant correlates are colored grey. 95% Cls by standard error are shown as horizontal error bars.

Phylogenetic inference

Nycteribiid and streblid sequences from bat flies of Malagasy E. dupreanum and R.
madagascariensis recovered from COIl and 18S DNA barcoding were deposited to GenBank
under accession numbers listed in Table S2 (43 COI and 12 18S sequences), then aligned with

available reference sequences for phylogenetic analysis (Table S3). Modeltest-NG (80) identified
the best-fit nucleotide substitution model as GTR+1+G4 for the COI phylogeny and TIM2+I+G4
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for the 18S phylogeny. Correspondingly, RAXML-NG (81) recovered similar topologies for both
ML phylogenies (Fig. 5; Fig. S6-S7). COI sequences recovered from C. dubia parasitizing E.
dupreanum clustered with previously-published sequences from this same species in a
monophyletic clade with other Cyclopodia spp. identified from other Pteropodidae fruit bat hosts
(Fig. 5; Fig. S6); our 18S C. dubia sequences represent the first Cyclopodia spp. contributions for
this gene to GenBank (Fig. S7). Likewise, both COIl and 18S sequences recovered from E.
madagascariensis parasitizing R. madagascariensis clustered with previously-published
sequences from this species. The Eucampsipoda spp., including E. madagascariensis, formed a
different monophyletic clade within the Nycteribiidae family, with each disparate parasite species
resolving into disparate subclades associated with a unique pteropodid fruit bat host species (Fig.
5; Fig. S6-S7).

Genus
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® Cyclopodia
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®  Leptocyclopodia
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100
75
50
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ABB325T1 | kanoi | Miniopterws tuscu 1 2011 | Japan
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Fig. 5. Maximum likelihood phylogeny of COI ectoparasite sequences from untrimmed alignment (RAXML-NG, GTR+I+G4) (81).
Bootstrap support values computed using Felsenstein’s method (82) are indicated by shaded circles on each node, corresponding to
legend. Sequences are collapsed into single species clades, or where indicated, clades by genera for ease of visualization; see Fig.
S6 for full phylogeny with individual sequences labeled. Tip shapes are colored by genera, and tip labels for the three Madagascar
clades (E. madagascariensis, C. dubia, M. wenzeli) are highlighted in yellow. Tree is rooted in Drosophila melanogaster, accession
number NC_001709. Branch lengths are scaled by nucleotide substitutions per site, corresponding to the scalebar shown.
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517 Both COl and 18S sequences recovered from M. wenzeli parasitizing R.
518 madagascariensis represent the first molecular record of this streblid ectoparasite available on
519 GenBank (Fig. 5; Fig. S6-S7). While to our knowledge no COIl reference sequences are currently
520 available for the Megastrebla genus, our 18S sequences from M. wenzeli clustered within a
521  monophyletic clade of previously-reported Megastrebla spp. sequences recovered from parasites
522  of other pteropodid fruit bats (Fig. S7) (29).

523
524  DISCUSSION
525 We report diversity and seasonality in ectoparasite infestation of two species of endemic

526  Malagasy fruit bat, E. dupreanum and R. madagascariensis. Both bat species were observed to
527  be frequently co-parasitized by a suite of diverse ectoparasite taxa, most commonly bat flies in
528 the family Nycteribiidae: C. dubia for E. dupreanum and E. madagascariensis for R.
529 madagascariensis, consistent with previously published work (49,51-54). In addition, we report
530 the first-ever molecular records documenting parasitism of E. dupreanum bats by the streblid
531 ectoparasite, M. wenzeli; sequences recovered from our study place this parasite in a
532  monophyletic clade of Old World streblids including previously-reported sequences for M.
533  nigriceps and M. parvior, streblid bat flies collected from Eonycteris spelaea fruit bats in Malaysia
534  (29). Our morphological observations of M. wenzeli are consistent with prior records describing
535 this ectoparasite in Madagascar (56,57,59). In addition to bat flies, we reconfirmed previous
536  reports of E. dupreanum parasitism by Thaumapsylla sp. fleas (4), in addition to parasitism of
537  both E. dupreanum and R. madagascariensis parasitism by mites and ticks (4,49). Additional
538 molecular studies will be needed to confirm species-level identity of fruit bat ectoparasites beyond
539  Dbat flies in the superfamily Hippoboscoidea.

540 The bulk of our analyses centered on understanding seasonal variation in nycteribiid
541  parasitism of the two fruit bat hosts. Previous work corresponding to this theme has been
542  published for E. madagascariensis parasitism of R. madagascariensis in northern Madagascar
543  (Ankarana National Park) (59,60). To our knowledge, our study is the first to document seasonal
544  patterns of parasitism for C. dubia on E. dupreanum, as well as the first to document these
545  patterns for either nycteribiid in central-eastern Madagascar (Districts of Manjakandriana and
546  Moramanga), which has a cooler climate profile than the north. In general, our seasonal analyses
547 in northern Madagascar mirrored those previously reported for E. madagascariensis parasitism
548 of R. madagascariensis: we observed highest abundance of ectoparasite load per bat during the
549 regional dry season (~September), though our observations were too limited during the wet

550 season (December — April) to rule out the possibility of a second annual peak. Some recent
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551 evidence suggests that R. madagascariensis may undergo two annual breeding seasons in
552  northern Madagascar (85), a pattern previously reported for sister species R. aegyptiacus in more
553 tropical localities on the African continent (86,87). As hormonal changes associated with
554  reproduction are known to impact the seasonality of ectoparasite burden in other host-parasite
555  systems (88-90), including bat systems (91-93), these reproductive changes may influence
556  ectoparasite seasonality in our Madagascar system, as well. C. dubia parasitism of E. dupreanum
557 in our northern Madagascar locality also peaked in September, though limited data in wet season
558 months again precluded inference earlier in the year.

559 At our well-sampled central-eastern Moramanga site, we observed only one peak in
560 nycteribiid burden for R. madagascariensis, towards the end of the wet season (March) for this
561 locality; in related studies, we have only observed a single annual gestation period between
562  September and December for R. madagascariensis in the same site (61,94). Also in our central-
563 eastern study region, we observed a single peak in ectoparasite burden for C. dubia parasitism
564  of E. dupreanum, here preceding the onset of the female gestation period for this bat species, at
565 the start of the dry season (June) in this region. We note that, while we group both the Angavokely
566  roost for E. dupreanum and Maromizaha roost for R. madagascariensis within the central-eastern
567 region of Madagascar, these sites are located over 60km apart (Table S1), and mean monthly
568 temperatures were on average just under 5°C cooler in Angavokely vs. Maromizaha across our
569  study period (Fig. 3). This suggests different climatic influences on both the reproductive calendar
570 for the bat hosts and the seasonality of ectoparasite burden in the two localities. Our GLM
571 analyses highlight an important role for climate, particularly precipitation and temperature, in
572  driving seasonality in ectoparasite burden, whether directly through impacts on ectoparasite
573  physiology or indirectly through modulation of bat host physiology or both. Clearly, seasonal
574  patterns in ectoparasite burden are more comparable between the two bat species when sampled
575 in the exact same northern Madagascar locality (Ankarana National Park) than when sampled in
576 climatically different sites in central-eastern Madagascar. Nonetheless, despite the clear influence
577 of climate, one key finding from our study is the repeated support we recovered across both study
578 sites and both bat host species for sex-specific differences in the seasonality of ectoparasite
579 burden, with ectoparasite burden on female bats always preceding that for males of the same
580 species in the same locality. These patterns suggest that, independent of climate, seasonal
581  differences in bat physiology, likely related to reproduction, are important drivers of ectoparasite
582  burden.

583 In addition to seasonality, our analyses of the impact of bat host body condition (MFR) on

584  ectoparasite load mirrored previous reports for E. madagascariensis on R. madagascariensis
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585  (60): we found higher parasite loads in individuals with better body condition (higher MFR), which,
586 as previously hypothesized, could be related to larger surface area available for nycteribiid
587 infestation in these relatively small (~60g) fruit bats. We consistently observed the inverse trend,
588  with low host MFR association with higher nycteribiid burden for larger (~250g) E. dupreanum
589 bats, perhaps due to immunocompromising effects of host nutrition. It is possible that R.
590 madagascariensis fall below a certain size threshold below which available surface area scales
591  positively with ectoparasite burden, while above this threshold, the effects of host physiology and
592 immunology prevail. Further research at the minimum and maximum size distributions for these
593 different species will be needed to parse these divergent trends.

594 In contrast to a previous study in northern Madagascar which identified higher nycteribiid
595 parasitism intensity on adult male vs. female R. madagascariensis (59), we found that, after
596 controlling for climate predictors, nycteribiid abundance was lower on male vs. female R.
597 madagascariensis and E. dupreanum bats in our central-eastern Madagascar sites (Fig. 4). No
598 significant effects of host bat sex were observed for either species in the more limited northern
599 Madagascar dataset. Our findings in central-eastern Madagascar are consistent with previous
600 reports of ectoparasite preference for female bat hosts in other systems (95,96) and suggest that
601 previous reports in northern Madagascar may reflect seasonal biases in data collection, as
602  hypothesized by the study authors. This prior study in northern Madagascar additionally identified
603 a significant male sex bias in the E. madagascariensis ectoparasites themselves (59). We
604  observed a similar bias in our northern Madagascar site, for which morphological observations
605  were only conducted during the dry season (Fig. S3). As our more complete seasonal time series
606 in central-eastern Madagascar showed no significant differences in sex distribution for either C.
607 dubia or E. madagascariensis bat flies, we hypothesize that this previous report likely also reflects
608 seasonal bias in the sampling. Indeed, previous reports in the literature suggest that seasonal
609 variation in the sex ratio of nycteribiid bat fly populations may be common (97-99). Further field
610 study is needed to more clearly delineate these patterns for C. dubia and E. madagascariensis.
611 Our study has several limitations, most obviously our reliance on publicly-available coarse-
612 scale climate data in lieu of direct climate records collected from the interior of bat cave roosts.
613  Previous studies have demonstrated critical impacts of microclimate differences in bat roosts on
614  seasonal dynamics in ectoparasite communities (100,101). As we observed clear differences in
615 the seasonality of ectoparasite burden across study sites within the same broad geographic
616 region, future work will greatly benefit from more careful study of local climate. In addition, our
617 more limited seasonal sampling of northern Madagascar localities (due to access challenges in

618 the peak rainy season) precludes some comparisons between our two study regions; equally
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619 intensive seasonal study of northern Madagascar sites will offer additional insight in the future.
620 We focused the bulk of our ecological analyses on seasonal variation in the abundance of
621 nycteribiid bat flies; future work should attempt to carry out similar investigations into the ecology
622  of M. wenzeli parasitism, in addition to the several other ectoparasite taxa observed during our
623 field and laboratory studies. Finally, confirmation of species-level identity of non-bat fly
624  ectoparasites of E. dupreanum and R. madagascariensis using molecular techniques is a major

625  research priority.

626
627 CONCLUSIONS
628 Ectoparasites of bats, including nycteribiid and streblid bat flies, fleas, mites, and ticks, can

629 play important roles in the transmission of microparasitic infections. Here, we describe the
630 diversity of ectoparasite burden for two species of Malagasy fruit bat, E. dupreanum and R.
631 madagascariensis, expanding the existing molecular record to include streblid bat fly
632 ectoparasites of R. madagascariensis. We additionally highlight seasonal variation in nycterbiid
633  burden for these two bat hosts, which mirrors seasonal variation in nutritional resource availability
634 and the reproductive calendar across northern and central-eastern Madagascar. As bats are
635 important reservoirs for several highly virulent zoonotic microparasites (1), understanding
636  ecological patterns of bat parasitism is of critical public health importance. As ectoparasites can
637  cause negative fitness impacts on their hosts (102,103), our work is additionally informative for
638 conservation efforts for these two Pteropodidae fruit bats, both ranked as ‘Vulnerable’ on the
639 IUCN Red List of Threatened Species (104).

640

641

642

643

644

645

646

647

648

649

650

651

652

21


https://doi.org/10.1101/2025.01.20.633693
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.20.633693; this version posted January 22, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

653 DECLARATIONS

654

655  Ethics approval and consent to participate

656  Not applicable.

657

658 Consent for publication

659  Not applicable.

660

661  Availability of data and materials

662  The datasets generated and/or analysed during the current study are attached as supplementary
663 tables to this article and also available in our open-access GitHub repository:
664  https://github.com/brooklabteam/Mada-Ectoparasites.

665

666 Competing interests

667  The authors declare that they have no competing interests.
668
669 Funding

670  This work was funded by the National Geographic Society (Early Career Award to AFA: EC-
671 64015R-20; ‘Coding for Conservation’ Meridian grant to CEB: 102825), the National Institutes of
672 Health (1IR01AI129822-01 grant to J-MH, PD, and CEB and 5DP2AI171120 grant to CEB),

673 DARPA (PREEMPT Program Cooperative Agreement no. D18AC00031 to CEB), the Adolph C.
674  and Mary Sprague Miller Institute for Basic Research in Science (postdoctoral fellowship to

675 CEB), the Branco Weiss Society in Science (fellowship to CEB), and the University of Chicago
676  Global Faculty Fund (award to CEB).

677
678 Authors' contributions

679 AFA, SA, HCR, SG, and CEB collected the field data in part with a large project overseen by
680 CEB, JMH, PD, and VL. AFA and SA carried out microscopy on field-collected ectoparasite
681 samples, with support from HCR and SG. AFA, SA, and GK conducted DNA barcoding of field-
682  collected ectoparasite samples, with support from KIY and CEB. AFA analyzed the resulting
683 data in R with support from TML, K1Y, AA, and CEB. AFA and CEB wrote the first draft of the

684  manuscript. All authors read and approved the final manuscript.

685

22


https://github.com/brooklabteam/Mada-Ectoparasites
https://doi.org/10.1101/2025.01.20.633693
http://creativecommons.org/licenses/by-nc/4.0/

686

687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.20.633693; this version posted January 22, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Acknowledgements

We thank Anecia Gentles, Kimberly Rivera, and Fifi Ravelomanantsoa for help in the field and
lab. We acknowledge the Virology Unit at the Institut Pasteur de Madagascar for logistical support,
and we thank the Mention of Zoology and Animal Biodiversity at the University of Antananarivo
and the Madagascar Ministry of the Environment and Sustainable Development for providing
research and export permits. We thank the Brook lab at the University of Chicago for helpful
contributions to the manuscript. This work was completed in part with resources provided by the

University of Chicago’s Research Computing Center.

23


https://doi.org/10.1101/2025.01.20.633693
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.20.633693; this version posted January 22, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

719
720 REFERENCES
721 1. Guth S, Mollentze N, Renault K, Streicker DG, Visher E, Boots M, et al. Bats host the most

722 virulent—but not the most dangerous—zoonotic viruses. Proc Natl Acad Sci USA. 2022 Apr
723 5;119(14):e21136281109.

724 2. Schountz T, Baker ML, Butler J, Munster V. Immunological control of viral infections in bats
725 and the emergence of viruses highly pathogenic to humans. Frontiers in Immunology.
726 2017;8:1098.

727 3. Ramasindrazana B, Goodman SM, Dsouli N, Gomard Y, Lagadec E, Randrianarivelojosia M,
728 et al. <i>Polychromophilus<i> spp. (Haemosporida) in Malagasy bats: host specificity and
729 insights on invertebrate vectors. Malar J. 2018 Dec;17(1):318.

730 4. Brook CE, Bai Y, Dobson AP, Osikowicz LM, Ranaivoson HC, Zhu Q, et al. Bartonella spp. in
731 fruit bats and blood-feeding ectoparasites in Madagascar. PLoS Neglected Tropical Diseases.
732 2015;10(2):e0003532.

733 5. Meteyer CU, Barber D, Mandl JN. Pathology in euthermic bats with white nose syndrome
734 suggests a natural manifestation of immune reconstitution inflammatory syndrome. Virulence.
735 2012;3(doi.org/10.4161/viru.2230):1-6.

736 6. Field KA, Johnson JS, Lilley TM, Reeder SM, Rogers J, Behr MJ, et al. The White-Nose
737 Syndrome transcriptome: Activation of Anti-fungal host responses in wing tissue of
738 hibernating little brown Myotis. PloS Pathogens. 2015;11(10):1-29.

739 7. Lord JS, Parker S, Parker F, Brooks DR. Gastrointestinal helminths of pipistrelle bats
740 (Pipistrellus pipistrellus/Pipistrellus pygmaeus) (Chiroptera: Vespertilionidae) of England.
741 Parasitology. 2012 Mar;139(3):366—74.

742 8. Brook CE, Dobson AP. Bats as “special” reservoirs for emerging zoonotic pathogens. Trends
743 in Microbiology. 2015;23(3):172-80.

744 9. Szentivanyi T, Christe P, Glaizot O. Bat flies and their microparasites: Current knowledge and

745 distribution. Front Vet Sci. 2019 Apr 24;6:115.

746 10. Zabashta MV, Orlova MV, Pichurina NL, Khametova AP, Romanova LV, Borodina TN, et al.
747 Participation of bats (Chiroptera, Mammalia) and their ectoparasites in circulation of
748 pathogens of natural focal infections in the south of Russia. Entmol Rev. 2019 Jul;99(4):513—
749 21.

750 11. Gardner R, Molyneux D. Trypanosoma (Megatrypanum) incertum from Pipistrellus
751 pipistrellus: development and transmission by cimicid bugs. Parasitology. 1988;96(3):433—
752 47.

753 12. Barnabe C, Brisse S, Tibayrenc M. Phylogenetic diversity of bat trypanosomes of subgenus
754 Schizotrypanum based on multilocus enzyme electrophoresis , random amplified polymorphic
755 DNA , and cytochrome b nucleotide sequence analyses. Infection, Genetics and Evolution.
756 2003;2:201-8.

24


https://doi.org/10.1101/2025.01.20.633693
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.20.633693; this version posted January 22, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

757 13. Lima L, Espinosa—AIvarez O, Pinto CM, Cavazzana M, Pavan AC, Carranza JC, et al. New

758 insights into the evolution of the Trypanosoma cruzi clade provided by a new trypanosome
759 species tightly linked to Neotropical Pteronotus bats and related to an Australian lineage of
760 trypanosomes. Parasites & Vectors. 2015;8(1):657.

761 14. Ramirez JD, Tapia-Calle G, Mufioz-Cruz G, Poveda C, Renddn LM, Hincapié E, et al.
762 Trypanosome species in neo-tropical bats: biological, evolutionary and epidemiological
763 implications. Infection, Genetics and Evolution. 2014 Mar;22:250-6.

764  15. Paterson WB, Woo PTK. The development of the culture and bloodstream forms of three
765 Trypanosoma ( Schizotrypanum ) spp. (Protista: Zoomastigophorea) from bats in Cimex
766 lectularius (Hemiptera: Cimicidae). Can J Zool. 1984 Aug 1;62(8):1581-7.

767  16. Do Amaral RB, Lourenco EC, Famadas KM, Garcia AB, Machado RZ, André MR. Molecular
768 detection of Bartonella spp. and Rickettsia spp. in bat ectoparasites in Brazil. Munderloh UG,
769 editor. PLoS ONE. 2018 Jun 5;13(6):e0198629.

770 17. Sandor AD, Fdldvari M, Krawczyk Al, Sprong H, Corduneanu A, Barti L, et al. Eco-
771 epidemiology of novel Bartonella genotypes from parasitic flies of insectivorous bats. Microb
772 Ecol. 2018 Nov;76(4):1076-88.

773 18. Leulmi H, Aouadi A, Bitam |, Bessas A, Benakhla A, Raoult D, et al. Detection of Bartonella
774 tamiae, Coxiella burnetii and rickettsiae in arthropods and tissues from wild and domestic
775 animals in northeastern Algeria. Parasites Vectors. 2016 Dec;9(1):27.

776 19. Stuckey MJ, Chomel BB, Galvez-Romero G, Olave-Leyva JI, Obregén-Morales C, Moreno-

777 Sandoval H, et al. Bartonella infection in hematophagous, insectivorous, and phytophagous
778 bat populations of central Mexico and the Yucatan Peninsula. The American Society of
779 Tropical Medicine and Hygiene. 2017 Aug 2;97(2):413-22.

780  20. Hornok S, Kovéacs R, Meli ML, Génczi E, Hofmann-Lehmann R, Kontschan J, et al. First
781 detection of Bartonellae in a broad range of bat ectoparasites. Veterinary Microbiology.
782 2012;3(159):541-3.

783  21. Fagre AC, Islam A, Reeves WK, Kading RC, Plowright RK, Gurley ES, et al. Bartonella
784 infection in fruit bats and bat flies, Bangladesh. Microb Ecol [Internet]. 2023 Sep 1 [cited 2023
785 Oct 4]; Available from: https://link.springer.com/10.1007/s00248-023-02293-9

786  22. Reeves WK, Loftis AD, Gore JA, Dasch GA. Molecular evidence for novel Bartonella species
787 in Trichobius major ( Diptera : Streblidae ) and Cimex adjunctus ( Hemiptera : Cimicidae ) from
788 two southeastern bat caves , U. S . A . Journal of Vector Ecology. 2005;30(2):339—-41.

789  23. Billeter SA, Hayman DTS, Peel AJ, Baker K, Wood JLN, Cunningham A, et al. Bartonella
790 species in bat flies (Diptera: Nycteribiidae) from western Africa. Parasitology. 2012
791 Mar;139(3):324-9.

792 24. Morse SF, Olival KJ, Kosoy M, Billeter SA, Patterson BD, Dick CW, et al. Global distribution
793 and genetic diversity of Bartonella in bat flies (Hippoboscoidea, Streblidae, Nycteribiidae).
794 Infection, Genetics and Evolution. 2012 Dec;12(8):1717-23.

25


https://doi.org/10.1101/2025.01.20.633693
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.20.633693; this version posted January 22, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

795 25. Loftis AD, Gill JS, Schriefer ME, Michael L, Eremeeva ME, Gilchrist MJR, et al. Detection of

796 Rickettsia, Borrelia, and Bartonella in Carios kelleyi (Acari: Argasidae). Vector-borne
797 Diseases, Surveillance, and Preventiion. 2005;42(3):473-80.

798  26. Socolovschi C, Kernif T, Raoult D, Parola P. Borrelia , Rickettsia , and Ehrlichia species in
799 bat ticks, France, 2010. Emerg Infect Dis. 2012 Dec;18(12):1966—75.

800  27. Cutler SJ, Ruzic-Sabljic E, Potkonjak A. Emerging borreliae — Expanding beyond Lyme
801 borreliosis. Molecular and Cellular Probes. 2017 Feb;31:22-7.

802  28. Hubbard, MJ, Baker AS, Cann KJ. Distribution of Borrelia burgdorferi s.l. spirochaete DNA in
803 British ticks (Argasidae and Ixodidae) since the 19th Century, assessed by PCR. Medical Vet
804 Entomology. 1998 Jan;12(1):89-97.

805  29. Dittmar K, Porter ML, Murray S, Whiting MF. Molecular phylogenetic analysis of nycteribiid
806 and streblid bat flies (Diptera: Brachycera, Calyptratae): implications for host associations and
807 phylogeographic origins. Molecular phylogenetics and evolution. 2006 Jan;38(1):155-70.
808  30. Dick CW, Patterson BD. Bat flies - obligate ectoparasites of bats. In: Morand S, Krasnov BR,
809 Poulin R, editors. Micromammals and Microparasites: From Evolutionary Ecology to
810 Management. Tokyo, Japan: Springer-Verlag; 2006. p. 179-94.

811 31. Goodman SM. Les chauves-souris de Madagascar [in French]. Antananarivo, Madagascar:
812 Association Vahatra; 2011.

813  32. Brook CE, Ranaivoson HC, Broder CC, Cunningham AA, Héraud JM, Peel AJ, et al.

814 Disentangling serology to elucidate henipa- and filovirus transmission in Madagascar fruit
815 bats. Journal of Animal Ecology. 2019;88(7):1001-16.

816  33. lehlé C, Razafitrimo G, Razainirina J, Andriaholinirina N, Goodman SM, Faure C. Henipavirus
817 and Tioman virus antibodies in Pteropodid bats, Madagascar. Emerging Infectious Diseases.
818 2007;13(1):159-61.

819  34. Kettenburg G, Kistler A, Ranaivoson HC, Ahyong V, Andrianiaina A, Andry S, et al. Full
820 genome Nobecovirus sequences from Malagasy fruit bats define a unique evolutionary history
821 for this coronavirus clade. Frontiers in Public Health. 2022 Feb 11;10:786060.

822  35. Madera S, Kistler A, Ranaivoson HC, Ahyong V, Andrianiaina A, Andry S, et al. Discovery
823 and genomic characterization of a novel henipavirus, Angavokely virus, from fruit bats in
824 Madagascar. Journal of Virology. 2022 Aug 25;96(18):e00921-2.

825  36. Horigan S, Kettenburg G, Kistler A, Ranaivoson HC, Andrianiaina A, Andry S, et al. Detection,
826 characterization, and phylogenetic analysis of novel astroviruses from endemic Malagasy fruit
827 bats. Virol J. 2024 Aug 23;21(1):195.

828  37. Lebarbenchon C, Ramasindrazana B, Joffrin L, Bos S, Lagadec E, Le Minter G, et al.
829 Astroviruses in bats, Madagascar. Emerging Microbes & Infections. 2017;6(6):e58.

830 38. Mélade J, Wieseke N, Ramasindrazana B, Flores O, Lagadec E, Gomard Y, et al. An eco-
831 epidemiological study of Morbilli-related paramyxovirus infection in Madagascar bats reveals

26


https://doi.org/10.1101/2025.01.20.633693
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.20.633693; this version posted January 22, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

832 host-switching as the dominant macro-evolutionary mechanism. Scientific Reports.
833 2016;6(April):23752.

834  39. Mélade J, McCulloch S, Ramasindrazana B, Lagadec E, Turpin M, Pascalis H, et al.
835 Serological evidence of Lyssaviruses among bats on Southwestern Indian Ocean Islands.
836 PLoS One. 2016;11(8):e0160553.

837  40. Wilkinson DA, Mélade J, Dietrich M, Ramasindrazana B, Soarimalala V, Lagadec E, et al.
838 Highly diverse Morbillivirus-related paramyxoviruses in the wild fauna of southwestern Indian
839 Ocean islands: Evidence of exchange between introduced and endemic small mammals.
840 Journal of Virology [Internet]. 2014 May 14 [cited 2014 May 21];(May). Available from:
841 http://mwww.ncbi.nim.nih.gov/pubmed/24829336

842  41. Razanajatovo NH, Nomenjanahary LA, Wilkinson DA, Razafimanahaka JH, Goodman SM,
843 Jenkins RK, et al. Detection of new genetic variants of Betacoronaviruses in endemic
844 frugivorous bats of Madagascar. Virology Journal [Internet]. 2015;12(42). Available from:
845 http://www.virologyj.com/content/12/1/42

846  42. Reynes JM, Andriamandimby SF, Razafitrimo GM, Razainirina J, Jeanmaire EM, Bourhy H,
847 et al. Laboratory surveillance of rabies in humans, domestic animals, and bats in Madagascar
848 from 2005 to 2010. Advances in Preventive Medicine. 2011 Jan;2011:727821.

849  43. Ranaivoson HC, Héraud JM, Goethert HK, Telford Ill SR, Rabetafika L, Brook CE. Babesial
850 infection in the Madagascan flying fox, Pteropus rufus E. Geoffroy, 1803. Parasites & Vectors.
851 2019;1-13.

852 44, Lagadec E, Gomard Y, Guernier V, Dietrich M, Pascalis H, Temmam S, et al. Pathogenic
853 Leptospira spp. in bats, Madagascar and Union of the Comoros. Emerging Infectious
854 Diseases. 2012 Oct;18(10):1696-8.

855  45. Gomard Y, Dietrich M, Wieseke N, Ramasindrazana B, Lagadec E, Goodman SM, et al.
856 Malagasy bats shelter a considerable genetic diversity of pathogenic Leptospira suggesting
857 notable host-specificity patterns. FEMS Microbiology Ecology. 2016;92(4):1-12.

858 46. Ramasindrazana B, Dellagi K, Lagadec E, Randrianarivelojosia M, Goodman SM, Tortosa P.
859 Diversity, host specialization, and geographic structure of filarial nematodes infecting
860 Malagasy bats. Plos One. 2016;11(1):e0145709.

861 47. Kettenburg G, Ranaivoson HC, Andrianianina A, Andry S, Henry AR, Davis RL, et al.
862 Picornaviridae and Caliciviridae diversity in Madagascar fruit bats is driven by cross-
863 continental genetic exchange. BioRxiv [Internet]. 2025 Jan 2 [cited 2025 Jan 12]; Available
864 from: http://biorxiv.org/lookup/doi/10.1101/2024.12.31.630946

865 48. Gonzalez FL, Ranaivoson HC, Andrianiaina A, Andry S, Raharinosy V,
866 Randriambolamanantsoa TH, et al. Genomic characterization of novel bat kobuviruses in
867 Madagascar: implications for viral evolution and zoonotic risk. BioRxiv [Internet]. 2024 Dec
868 24 [cited 2025 Jan 12]; Available from:
869 http://biorxiv.org/lookup/doi/10.1101/2024.12.24.630179

27


https://doi.org/10.1101/2025.01.20.633693
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.20.633693; this version posted January 22, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

870  49. Tortosa P, Dsouli N, Gomard Y, Ramasindrazana B, Dick CW, Goodman SM. Evolutionary
871 history of Indian Ocean nycteribiid bat flies mirroring the ecology of their hosts. PloS One.
872 2013 Jan;8(9):e75215.

873  50. Theodor O. New species and new records of Nycteribiidae from the Ethiopian, Oriental and
874 Pacific regions. Parasitology. 1968 May;58(2):247—76.

875 51. Theodor O. The Nycteribiidae of the Ethiopian region and Madagascar. Parasitology. 1957
876 Dec;47(3-4):457-543.

877 52. Theodor O. On the genus Eucampsipoda Kol. and Dipseliopoda n.g. (Nycteribiidae, Diptera).
878 Parasitology. 1955 May;45(1-2):195-229.

879 53. Theodor O. A revision of the genus Cyclopodia (Nycteribiidae, Diptera). Parasitology.
880 1959;49(1-2):242-308.

881 54. Ramasindrazana B, Goodman SM, Gomard Y, Dick CW, Tortosa P. Hidden diversity of
882 Nycteribiidae (Diptera) bat flies from the Malagasy region and insights on host-parasite
883 interactions. Parasites Vectors. 2017 Dec;10(1):630.

884  55. Maa TC. Records and descriptions of Nycteribiidae and Streblidae (Diptera). Pacific Insects.
885 1962;4(2):417-36.

886 56. Maa TC. Review of the Streblidae (Diptera) parasitic on Megachiropteran bats.pdf. Pacific
887 Insects Monographs. 1971;28:213-43.

888 57. Jobling B. Description of two new species of Ascodipteron from africa and one species of

889 Nycteribosca from madagascar (Diptera, streblidae). Parasitology. 1952 Mar;42(1-2):126—
890 35.

891  58. Wilkinson DA, Duron O, Cordonin C, Gomard Y, Ramasindrazana B, Mavingui P, et al. The
892 bacteriome of bat flies (Nycteribiidae) from the Malagasy region: A community shaped by host
893 ecology, bacterial transmission mode, and host-vector specificity. Applied and Environmental
894 Microbiology. 2016;82(January):1778-88.

895 59. Rajemison AFI, Lalarivoniaina OSN, Goodman SM. Bat flies (Diptera: Nycteribiidae ,
896 Streblida) parasitising Rousettus madagascariensis (Chiroptera : Pteropodidae) in the Parc
897 National d’Ankarana, Madagascar: Species diversity, rates of parasitism and sex ratios.
898 African Entomology. 2017;25(1):72-85.

899 60. Rajemison FI, Lalarivoniaina OSN, Andrianarimisa A, Goodman SM. Host-parasite
900 relationships between a Malagasy fruit bat (Pteropodidae) and associated bat fly (Diptera:
901 Nycteribiidae): Seasonal variation of host body condition and the possible impact of parasite
902 abundance. Acta Chiropterologica. 2017 Dec;19(2):229-38.

903  61. Andrianiaina A, Andry S, Gentles A, Guth S, Héraud JM, Ranaivoson HC, et al. Reproduction,
904 seasonal morphology, and juvenile growth in three Malagasy fruit bats. Journal of
905 Mammalogy. 2022 Aug 30;gyac072.

906 62. Rasoarimanana VMC, Goodman SM, Rajemison B, Lebarbenchon C, Ramanantsalama RV.
907 Fecal analysis of an endemic Malagasy fruit bat (Rousettus madagascariensis,

28


https://doi.org/10.1101/2025.01.20.633693
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.20.633693; this version posted January 22, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

908 Pteropodidae): Evidence of ectoparasite consumption and insectivory. Acta Chiropterologica
909 [Internet]. 2024 Feb 12 [cited 2024 Sep 6];25(2). Available from:
910 https://bioone.org/journals/acta-chiropterologica/volume-25/issue-

911 2/15081109ACC2023.25.2.006/Fecal-Analysis-of-an-Endemic-Malagasy-Fruit-Bat-

912 Rousettus-madagascariensis/10.3161/15081109ACC2023.25.2.006.full

913 63. Ramanantsalama RV, Ganzhorn JU, Vololona J, Goodman SM. Bat flies: source of
914 supplement nutrients for an endemic Malagasy fruit bat. Trop Zool [Internet]. 2022 Oct 20
915 [cited 2024 Oct 5];35(1-2). Available from: https://pagepress.org/biology/tz/article/view/107
916 64. Ramanantsalama RV, Andrianarimisa A, Raselimanana AP, Goodman SM. Rates of
917 hematophagous ectoparasite consumption during grooming by an endemic Madagascar fruit
918 bat. Parasites & Vectors. 2018;4-11.

919 65. Whitaker JO, Ritzi CM, Dick CW. Collecting and preserving bat ectoparasites for ecological
920 study. In: Ecological and Behavioral Methods for the Study of Bats [Internet]. Second. Johns
921 Hopkins University Press; 2009. p. 806-27. Available from:
922 https://www.researchgate.net/publication/266020833

923 66. Lindquist EE, Evans GO. Taxonomic concepts in the Ascidae, with a modified setal
924 nomenclature for the idiosoma of the Gamasina (Acarina: Mesostigmata). The Memoirs of the
925 Entomological Society of Canada. 1965;97(S47):5-66.

926  67. Stanykovich MK. Keys to the gamasid mites (Acari, Parasitiformes, Mesostigmata,
927 Macronyssoidea et Laelaptoidea) parasitizing bats (Mammalia, Chiroptera) from Russia and
928 adjacent countries. Rudolstadter Natural History. 1997;7:13-46.

929 68. Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek R. DNA primers for amplification of
930 mitochondrial cytochrome ¢ oxidase subunit | from diverse metazoan invertebrates.

931 69. Whiting MF. Mecoptera is paraphyletic: multiple genes and phylogeny of Mecoptera and
932 Siphonaptera. Zoologica Scripta. 2002;

933 70. Bybee SM, Taylor SD, Riley Nelson C, Whiting MF. A phylogeny of robber flies (Diptera:
934 Asilidae) at the subfamilial level: molecular evidence. Molecular Phylogenetics and Evolution.
935 2004 Mar;30(3):789-97.

936 71. Ratnasingham S, Hebert PD. BOLD: The barcode of life data system. Molecular Ecology
937 Notes. 2007;

938 72. Team RC. R: A language and environment for statistical computing. R Foundation for
939 Statistical Computing. Vienna, Austria; 2019.

940 73. Dormann CF, Gruber B, Frind J. Introducing the bipartite Package: Analysing Ecological
941 Networks. R News. 2008;8.

942  74. Wood SN. mgcv: GAMs and Generalized Ridge Regression for R. R News. 2001;1/2:20-4.

943 75. Edelson R, Gelbord J, Cackett E, Connolly S, Done C, Fausnaugh M, et al. Swift monitoring
944 of NGC 4151: Evidence for a second X-Ray/UV reprocessing. ApJ. 2017 May 1;840(1):41.

29


https://doi.org/10.1101/2025.01.20.633693
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.20.633693; this version posted January 22, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

945 76. Attaullah, Ali S, Javid A, Imran M, Khan TM, Phelps K, et al. Phylogenetic relationships of a

946 novel bat fly species infesting the geographically widespread Old World fruit bat, Rousettus
947 leschenaultii, in Southern Asia. Parasitol Res [Internet]. 2023 Jun 30 [cited 2023 Jul 21];
948 Available from: https://link.springer.com/10.1007/s00436-023-07909-0

949  77. Poon ESK, Chen G, Tsang HY, Shek CT, Tsui WC, Zhao H, et al. Species richness of bat
950 flies and their associations with host bats in a subtropical East Asian region. Parasites
951 Vectors. 2023 Jan 27;16(1):37.

952  78. Katoh K, Rozewicki J, Yamada KD. MAFFT online service: Multiple sequence alignment,
953 interactive sequence choice and visualization. Briefings in Bioinformatics. 2018;20(4):1160—
954 6.

955  79. Kuraku S, Zmasek CM, Nishimura O, Katoh K. aLeaves facilitates on-demand exploration of
956 metazoan gene family trees on MAFFT sequence alignment server with enhanced
957 interactivity. Nucleic acids research. 2013;41(Web Server issue):22-8.

958  80. Darriba Di, Posada D, Kozlov AM, Stamatakis A, Morel B, Flouri T. ModelTest-NG: A new
959 and scalable tool for the selection of DNA and protein evolutionary models. Molecular Biology
960 and Evolution. 2020;37(1):291-4.

961 81. Kozlov AM, Darriba D, Flouri T, Morel B, Stamatakis A. RAXML-NG: A fast, scalable and user-
962 friendly tool for maximum likelihood phylogenetic inference. Bioinformatics.
963 2019;35(21):4453-5.

964  82. Felsenstein J. Confidence limits on phylogenies: An approach using the bootstrap. Evolution.
965 1985;39(4):783-91.

966  83. Pattengale ND, Alipour M, Bininda-Emonds ORP, Moret BME, Stamatakis A. How many

967 bootstrap replicates are necessary? Journal of Computational Biology. 2010;17(3):337-54.
968 84. Yu G, Smith DK, Zhu H, Guan Y, Lam TTY. Ggtree: an R Package for visualization and
969 annotation of phylogenetic trees with their covariates and other associated data. Methods in
970 Ecology and Evolution. 2017;8(1):28-36.

971 85. Ramanantsalama RV, Lalarivoniaina OSN, Raselimanana AP, Goodman SM. Influence of
972 environmental parameters on the breeding of an endemic Malagasy fruit bat, Rousettus
973 madagascariensis(Pteropodidae). Acta Chiropterologica [Internet]. 2023 Feb 2 [cited 2024
974 Oct 5];24(2). Available from: https://bioone.org/journals/acta-chiropterologica/volume-
975 24/issue-2/15081109ACC2022.24.2.004/Influence-of-Environmental-Parameters-on-the-
976 Breeding-of-an-Endemic/10.3161/15081109ACC2022.24.2.004.full

977 86. Mutere FA. The breeding biology of equatorial vertebrates: reproduction in the fruit bat,
978 Eidolon helvum, at latitude 0°20'N. Journal of Zoology. 1967;153(2):153-61.

979  87. Mutere FA. The breeding biology of the fruit bat Rousettus aegyptiacus E. Geoffroy living at
980 0° 22’ S. Acta Tropica. 1968;2(25):97-108.

981 88. Fagir DM, Horak IG, Ueckermann EA, Bennett NC, Lutermann H. Ectoparasite diversity in the
982 eastern rock sengis ( Elephantulus myurus ): the effect of seasonality and host sex. African
983 Zoology. 2015 Apr 3;50(2):109-17.

30


https://doi.org/10.1101/2025.01.20.633693
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.20.633693; this version posted January 22, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

984  89. Smolinsky R, Hiadlovska Z, Martinkova N. Ectoparasite load increase in reproductively active

985 sand lizards. Journal of Vertebrate Biology [Internet]. 2021 Mar 17 [cited 2024 Oct 9];70(2).
986 Available from: https://bioone.org/journals/journal-of-vertebrate-biology/volume-70/issue-
987 2/jvb.20128/Ectoparasite-load-increase-in-reproductively-active-sand-
088 lizards/10.25225/jvb.20128.full
989 90. Anderson PC, Kok OB. Ectoparasites of springhares in the Northern Cape Province, South
990 Africa. South African Journal of Wildlife Research. 2003;33(1):23-32.
991 91. Pearce RD, O’Shea TJ. Ectoparasites in an urban population of Big Brown Bats (Eptesicus
992 fuscus) in Colorado. Journal of Parasitology. 2007 Jun;93(3):518-30.
993 92. Christe P, Arlettaz R, Vogel P. Variation in intensity of a parasitic mite (Spinturnix myoti) in
994 relation to the reproductive cycle and immunocompetence of its bat host (Myotis myotis).
995 Ecology Letters. 2000;3(3):207-12.
996 93. Tai YL, Lee YF, Kuo YM, Kuo YJ. Effects of host state and body condition on parasite
997 infestation of bent-wing bats. Front Zool. 2022 Mar 5;19(1):12.
998 94. Ruhs EC, Kettenburg G, Andrianiaina A, Andry S, Ranaivoson HC, Grewe F, et al. Quantifying
999 the seasonal reproductive cycle in three species of Malagasy fruit bats with implications for
1000 pathogen and population dynamics [Internet]. bioRxiv; 2024 [cited 2024 Aug 24]. Available
1001 from: http://biorxiv.org/lookup/doi/10.1101/2024.08.21.608949
1002  95. Christe P, Glaizot O, Evanno G, Bruyndonckx N, Devevey G, Yannic G, et al. Host sex and
1003 ectoparasites choice: preference for, and higher survival on female hosts. Journal of Animal
1004 Ecology. 2007 Jul;76(4):703-10.

1005 96. Zahn A, Rupp D. Ectoparasite load in European vespertilionid bats. Journal of Zoology. 2004
1006 Apr;262(4):383-91.

1007  97. Dittmar K, Morse S, Gruwell M, Mayberry J, DiBlasi E. Spatial and temporal complexities of
1008 reproductive behavior and sex ratios: a case from parasitic insects. PloS one. 2011
1009 Jan;6(5):19438.

1010 98. Fritz GN. Biology and ecology of bat flies (Diptera: Streblidae) on bats in the genus Carollia.
1011 Journal of Medical Entomology. 1983 Jan 27;20(1):1-10.

1012 99. Marshall AG. The sex ratio in ectoparasitic insects. Ecological Entomology. 1981
1013 May;6(2):155-74.

1014 100. Tlapaya-Romero L, Santos-Moreno A, Ibafiez-Bernal S. Effect of seasonality and

1015 microclimate on the variation in bat-fly load (Diptera: Streblidae) in a cave bat assemblage in
1016 a dry forest. Mammalia. 2021 Jul 27;85(4):345-54.
1017 101. Eriksson A, Doherty J, Fischer E, Graciolli G, Poulin R. Hosts and environment
1018 overshadow spatial distance as drivers of bat fly species composition in the Neotropics.
1019 Journal of Biogeography. 2020 Mar;47(3):736—47.

1020 102. Fitze PS, Clobert J, Richner H. Long-term life history consequences of ectoparasite-
1021 modulated growth and development. Ecology. 2004 Jul;85(7):2018-26.

31


https://doi.org/10.1101/2025.01.20.633693
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.20.633693; this version posted January 22, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

1022 103. Fitze PS, Tschirren B, Richner H. Life history and fithess consequences of ectoparasites.
1023 Journal of Animal Ecology. 2004 Mar;73(2):216—26.

1024 104. Species IUCN Red List Threat. IUCN Red List. 2018. IUCN 2018. Version 2018-2.

1025

32


https://doi.org/10.1101/2025.01.20.633693
http://creativecommons.org/licenses/by-nc/4.0/

Bat Flies Mites Ticks

—1

Eidolon dupreanum Rousettus madagascariensis

X' | —

I N

Thaumapsylla Eucampsipoda Cyclopodia  Megastrebla Meristapsis Other Mites Ornithodoros

I\

Echidnophaga

A A

W

k



https://doi.org/10.1101/2025.01.20.633693
http://creativecommons.org/licenses/by-nc/4.0/

100

0

-100
mass: forearm residual

-200

IsSignificant
No
= Yes

) 20 40

0

-20

BIgnp BipodojoAo 10 1unoD

o Q
£ £
oo o ° 00088 °
)
[a] °
° cceo
°
=3 o ®e  “8eofeo °
FO
1%5] °
D). ° ] oo o
© ©
£ ° = =
,.n_lu La FS ..nhv
E ° ° °
° o000 e%e ® © o Weo® o0 ©
. e oce B e ° o
w ] ° oo
= oo o% o o 80800°%
° ° © & oolie 00 © o O
° © o o cole s o eco
0090 8% g0 QA °°88 ° § ©
o o Te} o te} o o o o
Al (a4 — b= (<] N =

Jun Sep Dec Mar Jun Sep Dec

Mar

mass: forearm residual

sisusueosebepew epodisdweong J0 JUnoo)

(&)


https://doi.org/10.1101/2025.01.20.633693
http://creativecommons.org/licenses/by-nc/4.0/

Mean humidity
[Te] o [Tel

Mean total precipitation
S 0

Mean temperature
4062
221

w e ©

N~ Ys] 3\ o N i o [ N — N N
i)
w
=y
g
2
o
O
w
o
g
i
o
g
3
Q
2
2
£
o
S
w

w«lv mW n (=] Yol [= wn o wn [ w o
o soyseredojos uespy saysesedoos uespy soyseledolos ues|y
Mean humidity Mean total precipitation Mean temperature

o o 0 w =] w0 < 0 T O © «

N~ [Ye] 3\ — g o o e B N v = e o D
K
Q
S
3
3
IS
]
k)
Q
S ’
Q

4_.«Iv (=] wn o} o wn o wn o w o

<

sa)sesedolos uespy

sayseedolos uesy

se)iseiedo)os uesy

mar  may jul sep nov

jan

mar  may jul sep nov

jan


https://doi.org/10.1101/2025.01.20.633693
http://creativecommons.org/licenses/by-nc/4.0/

o
= ES
= &

o
~
a

Cyclopodia dubia

14.61

delta
AlCc

Eucampsipoda madagascariensis

)

-sq.
0.50
0.50
0.49
0.49

0.49

0.61

0.59

Sex  Mass : Forearm Lag(:;ed/

Lag'ged Lag'ged

Residual Mean Humidity Precipitation Temperature

Male Sex

Mass : Forearm |

Residual

Lagged/Mean |

Humidity

Lagged
Precipitation

Lagged

Temperature |

D

Male Sex

Mean
Humidity

Lagged
Precipitation

Lagged
Temperature

Sex Mass : Forearm  Mean
Residual Humidity

Lagged Lagged
Precipitation Temperature

Relative contribution to standardized _

Cragg and Uhler's pseudo R-sq.

0.000.250.500.751.00

[rimimim g iy egieion i i i mimomims S{mimi -

* %

*k*k

Py *kk

*kk

0.0

2’5 5.0 75
Incidence Rate Ratio

*kk

*kk

P *k*k

o *kk

e T

0.8

1.2 1.6 2.0
Incidence Rate Ratio



https://doi.org/10.1101/2025.01.20.633693
http://creativecommons.org/licenses/by-nc/4.0/

Genus

Basilia
© Brachytarsina
® Cyclopodia
® Drosophila
@ Eucampsipoda
@ Leptocyclopodia
® Megastrebla
@ Nycteribia
© Penicillidia
©  Phthiridium
@ Streblidae Eucampsipoda madagascariensis | Rousettus madagascariensis (collapsed

Bootstrap

100

75

50

25

0 Eucampsipoda africana | Rousettus aegyptiacus (collapsed)

Eucampsipoda theodori | Rousettus obliviosus (collapsed)
0.03
4:‘ Eucampsipoda africana | Rousettus leschenaultii (collapsed)
KF021493 | Eucampsipoda inermis | Rousettus amplexicaudatus | 2006 | Philippines
KF273783 1 Eucampsmoda sundaica | Pteropus vampyrus | 2004 | Malaysia
C | Pteropus spp.
%'Cyclopo dubia | Eidolon dupreanum (collapsed)

MZ382456 | Leptocyclopodia ferrarii | Cynopterus brachyotis | 2021 | Malaysia

All Nycteribia (collapsed)

Phthiridium (collapsed)

Basilia (collapsed)
AB632536 | Basilia truncata | Myotis mystacinus | 2011 | Japan

Other Penicillidia (collapsed)
— 4 icillidia fulvida
Penicillidia dufourii (collapsed)
[Penicillidia monoceros (collapsed)
Basilia )
Megastrebla wenzeli | Rousettus madagascariensis (collapsed
AB632571 | ina kanoi | Minic fuscu | 2011 | Japan

Brachytarsina spp. (collapsed)

| spp. | ruber

001709 | Drosophila melanogaster | 1999 | USA


https://doi.org/10.1101/2025.01.20.633693
http://creativecommons.org/licenses/by-nc/4.0/

