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Abstract
Infectious diseases result from multiple interactions among microbes and hosts, but com-
munity ecology approaches are rarely applied. Manipulation of vector populations provides
a unique opportunity to test the importance of vectors in infection cycles while also observing
changes in pathogen community diversity and species interactions. Yet for many vector-borne
infections in wildlife, a biological vector has not been experimentally verified, and fewmanipu-
lative studies have been performed. Using a captive colony of fruit bats in Ghana, we conducted
the first study to experimentally test the role of bat flies as vectors of Bartonella species. We
observed changes in the Bartonella bacteria community over time following the decline of bat
flies and again after their subsequent restocking. Reduced transmission rates led to micro-
bial community changes attributed to ecological drift and potential species sorting through
interspecific competition mediated by host immunity. We demonstrate that forces maintain-
ing diversity in communities of free-livingmacroorganisms act in similar ways in communities
of symbiotic microorganisms, both within and among hosts.

Introduction

Knowledge of the processes driving parasite diversity is central to understanding infection
dynamics in endemic populations and pathogen emergence in new hosts. In contrast to a his-
torical focus on simple one-host, one-parasite systems, there is now greater appreciation that
parasites exist within communities of other parasites, harboured by hosts that may vary in their
responses to parasitism (Johnson et al., 2015). Yet it is not clear how well ecological theory
developed for free-living, sexually reproducing organisms applies to communities of microor-
ganisms (Sutherland et al., 2013). This is especially true for parasites and symbionts due to the
environmental feedbacks that exist from their dependence on hosts for survival and reproduc-
tion (Costello et al., 2012; Fierer et al., 2012;Miller et al., 2018; Brown et al., 2020; Skičková et al.,
2025; Speer et al., 2025). Additionally, parasite community dynamics within hosts may occur
at differing timescales compared to transmission among hosts. Given these differences, exper-
imental manipulations of natural parasite communities are needed to explore the generality of
community theory across organisms.

Metacommunities are a valuable framework for analysing parasite community dynamics
within hosts (Leibold et al., 2004; Mihaljevic, 2012). In this model, hosts act as discrete patches
containing potentially interacting parasite species (Figure 1). Four forcesmay influence parasite
community diversity: speciation, dispersal, ecological drift, and ecological selection (Vellend,
2010). The significance of these forces can vary at different scales (Seabloom et al., 2015), i.e.,
within versus among hosts. Speciation generates parasite diversity but is generally slow and
relies on dispersal for new diversity to spread across scales. Dispersal involves the movement
of parasites within a host, among hosts, or among host populations. Within metacommunities,
parasite species with equal competitive ability may vary in their production of new individu-
als, leading to changes in community composition (e.g., loss of rare species or increased beta
diversity), similar to neutral theory predictions (Hubbell, 2001). Drift occurs more rapidly in

https://doi.org/10.1017/S0031182026101656 Published online by Cambridge University Press

https://doi.org/10.1017/S0031182026101656
mailto:clifton.mckee@gmail.com
http://creativecommons.org/licenses/by/4.0
https://orcid.org/0000-0002-6149-0598
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/S0031182026101656&domain=pdf
https://doi.org/10.1017/S0031182026101656


2 Clifton D. McKee et al.

Figure 1. Conceptual diagram for parasite metacommunity
dynamics. Parasites species (coloured dots) exist within host
populations and disperse among hosts (dashed circles) via trans-
mission. Ecological forces, including speciation, species selec-
tion (sorting), and drift, act on parasite communities within host
individuals. These processes can be generalized to other ecolog-
ical scales, such as between hosts and ectoparasitic vectors.

small communities with fewer individuals and limited disper-
sal. Ecological selection (or species sorting) operates within and
among hosts due to variance in replication success influenced by
host susceptibility. Parasite species may compete within a host
via resource sharing or immune system interactions (Pedersen
and Fenton, 2007; Telfer et al., 2010). Species with better success
can dominate, but this may be mitigated if fitness is influenced
more by dispersal ability than competition, or through frequency-
dependent selection by the host immune system. These four forces
can independently affect parasite community diversity over time
andmay vary in their relative importance. However, since dispersal
is the force that interacts with other processes across within-host
and among-host scales (Vellend, 2010), it is an appealing target for
experimental manipulation.

Vector-borne infections are ideal systems for experimental
study because the reduction of vector density limits dispersal
of parasites between hosts, allowing for the analysis of other
forces affecting the relative abundance of parasite species. Our
focus in this study is on Bartonella bacterial communities in bats
and their ectoparasitic flies. Bartonella spp. (Alphaproteobacteria:
Hyphomicrobiales) are diverse intracellular bacteria that infect
mammals and are transmitted by blood-feeding arthropods
(Harms and Dehio, 2012). Numerous Bartonella species have been
recognized as zoonotic pathogens in humans and can cause disease
non-human animals (Breitschwerdt, 2014). Host species, includ-
ing bats, frequently carry multiple distinct Bartonella genotypes or
species that can vary in their relative abundance over time (Kosoy
et al., 2004a; Telfer et al., 2007; Becker et al., 2018; Goodrich et al.,
2020; Fagre et al., 2023). Previous studies have proposed that bat
flies are vectors of Bartonella spp. in bats (Morse et al., 2012; Brook
et al., 2015; Moskaluk et al., 2018), but no experimental stud-
ies have been performed to demonstrate their competence. Bat
flies (Diptera: Streblidae, Nycteribiidae, Mystacinobiidae) are obli-
gate ectoparasites of bat hosts that leave their hosts only briefly
for mating and to deposit prepupae in the roost environment
(Marshall, 1970; Dick and Patterson, 2006; Dick and Dittmar,
2014). Following these movements, bat flies may return to a new
host individual, providing an opportunity for horizontal trans-
mission of Bartonella between bats. In this study, we attempt
to provide experimental evidence that bat flies are vectors of
Bartonella by modifying bat fly population density and examining
the changes in Bartonella prevalence and diversity in bat hosts over
time.

Using a captive colony of straw-coloured fruit bats (Eidolon
helvum) in Accra, Ghana (Figure 2A, B), the community
dynamics of Bartonella bacteria were monitored in bats over 3
years (Figure 2C). During this experiment, the presumed vectors
(bat flies) declined in density within the colony but were then
restocked from a nearby wild source population of E. helvum
(Figure 2B, C). The experiment thus controls parasite dispersal
across 2 scales: the captive colony is closed to immigration (pups
enter the colony uninfected), and transmission is manipulated via
changes in the bat fly population size. By manipulating parasite
dispersal, the effect of among-host dispersal is minimized and the
effects of local, within-host effects (ecological drift and species
sorting) on parasite dynamics and diversity can be observed. We
hypothesized that Bartonella communities in the colony would
respond to changes in among-host dispersal/transmission by bat
flies. Specifically, we predicted that infection prevalence and diver-
sity would at first decline concurrently with the bat fly population
and then increase upon restocking of flies, thus providing experi-
mental evidence that bat flies are vectors of Bartonella in bats. We
hypothesized that limitation of parasite dispersal would result in
stochastic losses of rare Bartonella species and increases in com-
munity beta diversity due to ecological drift and shifts in the rank
abundance of Bartonella communities over time due to species
sorting. Finally, we hypothesized that potential interactions among
Bartonella species would be detectable based on coinfection fre-
quencies, specifically evidence of competition and/or facilitation.
This work expands our understanding of Bartonella dynamics in
natural communities, particularly in bats and their ectoparasites.
More broadly, this experiment deepens our understanding of the
processes that affect parasite communities, patterns which may
be compared with those seen in communities of free-living or
mutualistic organisms.

Materials and methods

Study system and experimental design

Eidolon helvum (Chiroptera: Pteropodidae) is a long-lived,
tree-roosting bat species distributed across Sub-Saharan
Africa (Figure 2A) that can form enormous colonies during
the local dry season (Hayman et al., 2012; Fahr et al., 2015). The
bat flies (Cyclopodia greefi; Diptera: Nycteribiidae) hosted by
this bat are wingless but can move among hosts within densely
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Figure 2. Background information on the study system and experimental design. (A) Map of the geographic range of straw-coloured fruit bats (Eidolon helvum) in Sub-Saharan
Africa. The study location in Ghana is highlighted with the black outline around the country border and the inset box showing the location in Accra. (B) The location of two
sampling sites in Accra: the E. helvum captive colony (orange diamond) and the wild E. helvum population that sourced the bat flies restocked into the captive colony in
January 2012. (C) Timeline of the study, including the 14 time points where blood was sampled from captive E. helvum, the sampling or transfer of bat flies, and a qualitative
description of the bat fly population density over time.

populated roosts. At least 6 distinct Bartonella species have been
previously described in E. helvum (Kosoy et al., 2010; Bai et al.,
2015) and the same species plus additional variants have been
detected in C. greefi (Billeter et al., 2012; Kamani et al., 2014;
McKee et al., 2024).

Materials for this study come from a captive population of
E. helvum bats (Figure 2B) in Accra, Ghana (Baker et al., 2014).
Briefly, the captive facility is a double-fenced hexagonal 27.5 m
diameter and 3.5 m high structure; a solid metal roof and cladding
at the base, along with the double-fenced walls, prevent contact
with other animals. The captive population was founded by 3
cohorts (Supplementary Table S1) of mixed age and sex (n = 78)
collected from a large seasonal colony in Accra (Hayman et al.,
2012). The cohorts entered the colony in July 2009, November
2009 and January 2010; 2 additional cohorts were born in captiv-
ity in April 2010 (produced by mating between wild bats before
they entered the colony) and 2011 (produced by mating in cap-
tivity). All 13 captive-born neonates were matched to the dam
they were attached to at the first sampling point after birth. Ethics
approval for bat capture and the fly restocking experiment was
obtained from the Zoological Society of London Ethics Committee

(WLE/0467), theVeterinary ServicesDirectorate ofGhana, and the
Wildlife Division of the Forestry Commission of Ghana.

Bats were assigned to age classes and sex upon entry to the
colony and afterward according to approximate birth date and
secondary sexual characteristics (Peel et al., 2016): neonate, juve-
nile, sexually immature adult, and sexually mature adult. Passive-
integrated transponder (PIT) tags were implanted in each bat
either at entry or shortly after birth to uniquely identify each bat
and adult bats additionally received necklaces with alphanumeric
codes. Although 112 total bats entered the colony, 25 bats left the
colony either through recorded mortality (n = 12) or presumed
mortality after being recorded missing for ≥ 3 sampling points
(n = 13). Furthermore, not all bats had complete sample histories
throughout the experiment because they intermittently escaped
capture for processing.

Blood samples were taken from the captive bats every 2 months
in 2009 and 2010 and every 4 months in 2011 (Table S1; see
Appendix 1 for sampling protocol). On 6 March 2010 (day 221), a
sample of bat flies (C. greefi; n = 28) was removed from the colony
for testing for the presence of Bartonella DNA (Figure 2C). The
prevalence of bat flies on bats in the colony was 27% (6/22) in
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November 2009 and 46% (28/61) in March 2010. The ectoparasite
prevalence in the source population for the colony bats was higher
when sampled in January 2012, at 78% (39/50). This prevalence
was also substantially lower than that observed in wild popula-
tions of E. helvum on islands in the Gulf of Guinea, where bat fly
prevalence ranged from 60% to 92% (McKee et al., 2024). From
March 2010 onwards, bat flies were not observed on the colony
bats nor were any other ectoparasites (fleas, ticks, mites) recorded,
so it is assumed that little to no horizontal vector-borne transmis-
sion was occurring. The reason for the decline in bat flies during
this period is unknown, but we suspect that the adult bat fly pop-
ulation present at the beginning of the study progressively died
off since the estimated longevity of adult nycteribiids is only 3–5
months (Marshall, 1970). The conditions in the colony may have
also prevented females from depositing prepupae on the concrete
and metal surfaces of the colony housing, or the young flies failed
to emerge under these conditions. Thus, the population was not
replenished by new births. However, we cannot dismiss the pos-
sibility that other exogenous factors (temperature, humidity, or
precipitation) may have also contributed to increased adult mor-
tality or decreased births in the bat flies, which has been explored
in recent studies (Andrianiaina et al., 2025).

To test the effect of restoring transmission on Bartonella com-
munity dynamics and to provide evidence that bat flies are vectors,
bat flies were experimentally added to the colony. On 17 January
2012 (day 903), a sample of adult bat flies (N = 91) was taken
from the original wild source colony of bats (Figure 2C). From this
total, 73 were randomly assigned to approximately half of the bats
in the colony (N = 38 bats, 1–4 flies per bat). The remaining 18
bat flies and blood samples from bats in the wild source colony
(N = 50) were used as comparison groups for the captive colony
regarding Bartonella prevalence and diversity. Blood samples from
captive bats were subsequently taken at 3 additional time points
after the addition of flies: 31 January 2012, 14 February 2012 and
15 March 2012. In total, 910 blood samples were taken from the
captive colony over 14 time points from 2009 to 2012 (a period of
961 days), of which 905 samples could be definitively assigned to
an individual by PIT tag or necklace ID. An additional 50 blood
samples and 18 flies were taken from wild bats on 17 January 2012.

Bacterial detection and gene sequencing

The focus of this study was on changes in Bartonella infection
prevalence and the relative frequency of differentBartonella species
in bats, so a molecular detection and sequencing approach capa-
ble of distinguishing coinfecting species was used. Bat blood and
fly samples were tested for the presence of Bartonella DNA using
a multi-locus PCR platform (Bai et al., 2016) targeting fragments
of the 16S–23S ribosomal RNA intergenic spacer region (ITS), cit-
rate synthase gene (gltA) and cell division protein gene (ftsZ). Each
of these loci is capable of distinguishing among Bartonella species
and subspecies (La Scola et al., 2003), but may have amplifica-
tion biases toward different Bartonella species in a sample (Kosoy
et al., 2018; Himsworth et al., 2020). Thus, the purpose of this
multi-locus approach was to confirm the detection of Bartonella
DNA and to indicate across loci whether infections with multiple
species were present. Further quantification of Bartonella infection
load was performed using real-time PCR targeting the transfer-
messenger RNA (ssrA). Sequences were verified as Bartonella spp.
using the Basic Local Alignment Search Tool (BLAST; https://blast.
ncbi.nlm.nih.gov/Blast.cgi). Samples were only considered positive
if a significant match was observed, even if there was a positive

real-time PCR result (cycle threshold value [Ct] < 40). Bartonella
sequences with multiple peaks in the electropherogram were sep-
arated into 2 or more distinct sequences by comparison with
previously obtained Bartonella sequences from E. helvum and C.
greefi (Billeter et al., 2012; Bai et al., 2015); this is possible due to the
genetic dissimilarity of the Bartonella species found in these hosts
and the distinct patterns of substitutions found in the sequenced
markers (Bai et al., 2015; McKee et al., 2024). Due to the fre-
quency of multiple sequences obtained from these loci, conflicting
sequences across genes were interpreted as evidence of coinfection
rather than homologous recombination, and thus we report counts
of sequences from distinct Bartonella species within a sample as
recommended by Kosoy et al. (2018). All variants of Bartonella
sequences sharing< 95% sequence similaritywith previously iden-
tified Bartonella species were submitted to GenBank. PCR primers
and protocols are listed in Tables S2 & S3. Additional details
on bacterial detection and phylogenetic analysis are provided in
Appendix 1.

Data recording and statistical analyses

Relevant measures of Bartonella infection prevalence, infection
load, and diversity were recorded or calculated to assess changes
that occurred during the experiment, including before and after
the addition of bat flies to the captive colony. Bartonella infection
prevalence within the captive bat colony, in sampled wild and cap-
tive flies, and from wild bats was reported based on the number
of tested bats or flies that were positive at one or more loci (ITS,
gltA, ftsZ, ssrA). Wilson scores were used to calculate 95% con-
fidence intervals for single infection and coinfection prevalence.
Bartonella alpha diversity wasmeasured by Bartonella species rich-
ness and Shannon number, i.e., the effective number of species or
the exponent of Shannon’s diversity index (Jost, 2006); species rich-
ness within each sample based on the number of loci with positive
sequences was also recorded. The frequency of Bartonella species
detected in the colony was calculated from the presence/absence of
each Bartonella species in the total number of sequences obtained
across all loci for a given sample, including separate sequences
obtained from the same locus. A custom bootstrapping procedure
with 1000 samples from the observed multinomial distribution of
Bartonella species frequencieswas used to estimate 95%confidence
intervals aroundmeasures of alpha diversity. Bartonella beta diver-
sity was calculated across sampled bats and flies based on species
presence/absence using the Jaccard index within the vegdist func-
tion in the R package vegan (Oksanen et al., 2025; R Core Team,
2025). Infection load was recorded as the real-time PCR Ct value
for each sample. Additionally, for each bat, the time until becom-
ing infected after first entering the colony and the duration of
infection for the most persistent Bartonella species were recorded.
These measures help to track whether certain demographic groups
are more affected by the addition of flies and compare changes in
the relative frequency of Bartonella species over time, respectively.
Change points in Bartonella prevalence, infection load, and diver-
sity measures were detected with segmented regression using the
R segmented package (Muggeo, 2003, 2024). Binomial generalized
regression models (GLM) were fit to compare changes in infection
status for bats that did or did not receive bat flies in January 2012,
including age and sex as potential confounding variables. Mean
infection durations for Bartonella species were estimated using a
Bayesian approach by fitting lognormal distributions to the data
with Stanusing the rstanarmpackage (Carpenter et al., 2017;Gabry
et al., 2025). Multinomial and binomial likelihood ratio (LR) tests
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adapted from Pepin et al. (2013) were performed to find statistical
associations between coinfecting Bartonella species and to detect
changes in the relative frequency of Bartonella species during the
study period. For additional details regarding regression analyses,
Bayesian models, and likelihood ratio tests, see Appendix 1.

Results

Phylogenetic analysis of detected bacteria

Bartonella infections in bats and bat flies were identified as 6 previ-
ously characterized species based on ITS, gltA and ftsZ sequences:
Bartonella spp. E1–E5 and Ew (Kosoy et al., 2010; Bai et al.,
2015). Two additional genogroups identified by gltA sequences,
Bartonella spp. Eh6 and Eh7 (Figure S1), were similar to sequences
previously obtained from C. greefi collected from E. helvum in
Ghana and islands in the Gulf of Guinea (Billeter et al., 2012;
McKee et al., 2024). Sequences identified as Eh6 and Eh7 were
also detected among ftsZ and ITS sequences (Figures S2 & S3).
Phylogenetic analysis of concatenated ftsZ and gltA sequences dis-
tinguished Eh6 and Eh7 from other Bartonella species associated
with E. helvum or other bat species (Figure S4). See Appendix 2 for
more details on phylogenetic analysis.

Bartonella infection prevalence and effects of bat fly restocking

As predicted, Bartonella prevalence in the captive colony changed
with the population density of bat flies. Bartonella prevalence in
the first 3 cohorts was high at colony entry, then declined concur-
rentlywith the observed decline in the bat fly population (Figure 3).
After flies were restocked, prevalence increased from 31% on day
903 to 48% on day 961. This change was reflected in the segmented
regression analysis (Figure S6A; Table S7) with a shift from positive
to negative slope near March 2010 (day 221) and a shift from neg-
ative to positive slope around January 2012 (day 903). The trend
in Bartonella prevalence in the colony over time was similar if bats
were considered positive for Bartonella with a threshold of at least
1, 2, 3, or all genetic markers being positive (Figure S7).

The effect of bat fly restocking on Bartonella prevalence was
more pronounced for some age classes of bats than others (Figure
S8A). All sexually immature bats were infected at entry and by
the end of the study, but there was an increase in the proportion
of adult bats infected by the end of the study compared to the
start, from 81% to 94%. Bats born into the colony in 2010 and
2011 were Bartonella-negative at their first sampling event. By the
end of the experiment, 88% of these bats had become infected
(Figure S8A). Using data from the 112 bats that were tested for
Bartonella infection more than once during the captive study, a
binomial GLM was fit to test the effects of age and sex on whether
bats becameBartonella-positive during the experiment.The largest
effect was observed in neonates/juveniles born into the colony
(Table S4): compared to adults, neonates/juveniles were signifi-
cantly more likely to become positive by the end of the study (log
odds ratio = 3.9, z = 5.8, P< 0.001).There was no significant effect
of sex on the change in Bartonella infection for any age class (Table
S4).

To further examine the effect of restocking flies on 17 January
2012, we fit logistic GLMs for 2 additional outcomes: (1) whether
bats were Bartonella-positive at any time point after flies were
restocked on 17 January 2012, and (2) whether bats became pos-
itive or bats that were already positive changed Bartonella species
after fly restocking. In bothmodels, we used data on the 84 bats that

were present in the colony on 17 January 2012 and subsequent time
points. Both models included age class, sex, whether bats received
flies on 17 January 2012, and infection status prior to 17 January
2012 as predictors. The first model identified a significant effect of
age on Bartonella infection status showing that neonate/juvenile
bats were significantly more likely to be Bartonella-positive after
flies were restocked on 17 January 2012 compared tomature adults
(log odds ratio = 1.69, z = 2.62, P = 0.024; Table S5A, B). There
was no significant effect of prior infection or sex on this outcome
(Table S5A), and while receiving flies did increase the likelihood of
infection after 17 January 2012, this effect was also not statistically
significant (z = 1.61, P = 0.11). Based on the second model, age
class was also an important predictor of whether a bat became pos-
itive or changed Bartonella species after flies were restocked (Table
S5C, D). Like the first model, the effects of sex and prior infection
were not significant (Table S5C).However, the effect of flieswas sta-
tistically significant in thismodel (z = 2.0,P= 0.045).This suggests
that after adjusting for age class, sex, and prior infection status, bats
that received flies on 17 January 2012 were more likely to become
newly infected with Bartonella or change Bartonella species.

Bat fly restocking had similar effects on measures of infection
load in the colony. Infection load in each sample, as measured by
RT-PCR cycle threshold (Ct) values (Figure S5), reached a peak
in March 2010, then declined before sharply increasing after the
restocking of flies. This trend is reflected in the segmented regres-
sion of this measure, with a shift from positive to negative slope
near day 221 and a shift from negative to positive slope near day
903 (Figure S6B; Table S7). Coinfection prevalence showed a peak
near January 2010 (day 184) and declined until July 2011 (day 715)
when it began to increase again (Figure S9). However, only the shift
in slope for coinfection prevalence near July 2011 was statistically
significant (Figure S6C; Table S7). These data show that multiple
measures of Bartonella infection in the colony changed over time,
particularly in response to the restocking of flies in January 2012.
For additional details on prevalence and load in bat flies and wild
bats collected in March 2010 and January 2012, see Appendix 2.

Patterns of Bartonella diversity

Similar to infection prevalence and load, Bartonella diversity mea-
sures changed in response to bat fly population density. Bartonella
diversity was measured at 2 scales, at the colony level and at the
individual host level. Bartonella species richness and evenness
(Shannon index) measured colony-level alpha diversity. The num-
ber of Bartonella species in an individual sample and beta diversity
(Jaccard index)measured individual-level diversity. Diversitymea-
sures showed qualitatively similar patterns during the early phase
of the experiment (Figures S10 & S11): an initial increase with
the entry of the first 3 cohorts into the colony, reaching a maxi-
mum in January 2010, followed by a decline. Diversity measures
increased again until the restocking of flies in January 2012 and
then declined slightly (or remained flat in the case of species
richness). The observed trends were only partially reflected by
segmented regression breakpoints. Segmented regression detected
only one breakpoint each in the timelines for species richness,
species evenness, and the number of Bartonella species in an indi-
vidual sample (Table S7). A shift from positive to negative slope
was detected in January 2010 for species richness (Figure S12A),
whereas a change from negative to positive slope was detected for
species evenness and the number of species in an individual sam-
ple between November 2010 and March 2011 (Figure S12B, C;
Figure S13A). There were 2 significant breakpoints detected in the
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Figure 3. Bartonella infection prevalence in a captive colony of E. Helvum over time. Bats and bat flies were considered positive if a Bartonella sequence was obtained from
one or more genetic markers. Wilson score 95% confidence intervals were drawn around prevalence estimates at each sampling time point.

timeline of beta diversity, changing from negative to positive slope
in May 2010 and from positive to negative slope in January 2012
(Figure S13B; Table S7). For details on diversity measures in bat
flies and wild bats collected in March 2010 and January 2012, see
Appendix 2.

Shift in Bartonella species frequencies

Bartonella species observed in the colony varied in their frequen-
cies with an apparent shift in the dominant species during the
study (Figure 4A). While rarer species E1, E2 and Eh7 were not
observed at all time points, E1 and E2 were consistently observed
over the duration of the study. In contrast, the rarest species Eh7
was not observed after July 2010, even after flies were added to
the colony. Species Eh6 was also uncommonly observed during the
study, went unobserved for 3 time points in 2012, but was observed
again in March 2012.

As noted above, beta diversity decreased after May 2010 when
the bat fly population was decreasing, reached another maxi-
mum in January 2012, and then decreased again after flies were
restocked (Figure S11). These decreases in beta diversity corre-
spondwith periods of expansion by some species within the colony
that appear to homogenize beta diversity. During the period from
January 2010 to July 2011, Ew became the most abundant species
in the colony (Figure 4A). Another measure of this species’ domi-
nance in the colony is the duration of its infections in individual
bats. For each bat that was sampled more than once and was
recorded as having the same Bartonella species for a sequential
period, we tabulated which species was present for the most time
points (Figure 5) and estimated the mean duration of infection
using Bayesian regression (Table S6). Among Bartonella species,
Ew was the longest-lasting infection in the highest number of bats
(n= 40), with an estimated mean of 112 days (95% posterior inter-
val: 88–141 days). Species E4 and Eh7 were similarly long-lasting
infections but were observed in relatively fewer bats (N = 3 and 1,
respectively; Table S6).

Beginning around March 2011, the frequency of Ew began
declining while species E1, E2, and E5 increased (Figure 4A).
Dividing the study into 2 parts – before flies were restocked (July
2009 to July 2011) and after flies were added (January 2012 and

after) – a clear difference in the relative frequency of Bartonella
species was observed (Figure 4B). This shift in frequency after the
addition of flies was significant according to a multinomial LR test
(D = 183.3, df = 7, P < 0.001) and individual binomial LR tests
for all species, except for E3 (Table S8). Significant differences were
also observed in the frequencies between bat flies and sampled bat
populations in March 2010 and January 2012 (Figure 4C, D; Table
S9). These data, along with the changes in alpha and beta diver-
sity measures, demonstrate that Bartonella communities shifted
substantially over time, coinciding with the changes in the bat fly
population density.

Interactions between Bartonella species

Using multinomial and binomial LR tests on coinfection frequen-
cies, there was evidence of both negative and positive interac-
tions between Bartonella species over the period of the experi-
ment (Figure 6). Bats infected with Ew were significantly less likely
to be coinfected with E2, E3 and E5; a reciprocal negative effect
on Ew from these species was not detected. Related to this, the
proportion of Ew infections that were also coinfections was low
(30%), in contrast to its high frequency in the population over
time (Figure 4A). Species E1 and Eh6 had a reciprocal negative
effect on each other. Reciprocal positive effects (i.e., more coinfec-
tions than expected) were found between species E3 and E5 and
between species E1 and E5. Also, bats were more likely to be coin-
fected with Ew if they were already infected with E1, but there was
no significant reciprocal effect of Ew on E1 (Figure 6).

Discussion

Parasites do not infect hosts in isolation but instead form diverse
communities within hosts that vary over time. However, it is
unclear how the same forces that affect diversity in commu-
nities of free-living, sexually reproducing organisms act in the
same way or with different strengths in parasite communities
(Sutherland et al., 2013). Furthermore, there are few studies that
have tracked ecological communities of parasites over time to
examine the forces shaping diversity (Vidal-Martínez and Poulin,
2003; Fallon et al., 2004; Cohen et al., 2015; Budischak et al., 2016;
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Figure 4. Changes in the relative counts of Bartonella species in the captive colony over time (A–B) and between sampled bat flies and their respective bat populations
(C–D). Relative counts (A) at each time point were estimated from the presence/absence of Bartonella species based on any positive sequence from ITS, gltA and ftsZ. For
panels A and B, the month labelled in bold font on the x-axis shows when bat flies were added to the bat colony. Tests for differences in the relative counts of species were
performed between bats in the captive colony before and after bat flies were restocked on 17 January 2012 (B); between bat flies sampled from the colony and the captive
bat population in March 2010 (C); and between bat flies and wild bats sampled in January 2012 and the captive colony population after flies were added (D).

Figure 5. Duration of Bartonella species infections in seri-
ally infected individuals. For each Bartonella species, the
numbers below the points are counts of individual bats that
had the Bartonella species as their longest-lasting infec-
tion (i.e., the Bartonella species was present for the most
sequential time points). The infection durations in days for
all serially infected bats are plotted as open circles with the
width proportional to the number of individuals with the
same infection duration. Solid diamonds and lines to the
right of points show the estimated mean duration and 95%
posterior intervals using Bayesian lognormal regression.

Moss et al., 2020). This study tested how well predictions
of community ecology theory (Vellend, 2010) apply to host–
vector–parasite systems through an approach that manipu-
lated parasite dispersal among hosts within the population by

capitalizing on a natural change in the population density of
the putative vector. Restriction of parasite dispersal minimized
the effect of among-host transmission on Bartonella communi-
ties within individual hosts, thereby allowing the possible effects
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Figure 6. Patterns of Bartonella species coinfection. Rows are the focal species and columns are the partner infections. Numbers in the boxes are counts of coinfections
between each pair of species; single infection counts for each species are on the diagonal. Black boxes show coinfections that occurred more frequently than expected, grey
boxes show those that occurred less frequently than expected and white boxes show those with no significant pattern. Expected counts were based on the frequency of single
and double infections of each Bartonella species, and significance was based on multinomial and binomial tests. The proportion of infections by each Bartonella species that
were also coinfections is shown in the last column.

of ecological drift and species sorting on parasite community
diversity to be measured. At the same time, observed trends in
the prevalence and diversity of Bartonella infections within the
colony over the course of vector population decline and restocking
indicate that bat flies are biological vectors of Bartonella in bats.
Overall, the experiment shows that Bartonella communities are
affected by dispersal, drift, and ecological selection in similar ways
to free-living organisms, although numerous forms of ecological
selection might be acting simultaneously.

We first hypothesized that Bartonella communities in the
colony would respond to changes in among-host dispersal/trans-
mission by bat flies. Specifically, we predicted that infection preva-
lence and diversity would decline concurrently with the bat fly
population and then increase upon restocking of flies. The results
indicate that Bartonella prevalence and infection load declined
along with the bat fly population, then increased when flies were
added in January 2012. This effect was seen across the whole pop-
ulation but had a stronger effect on young bats born in the colony,
likely attributable to their lack of prior exposure to Bartonella
while flies were in low density. Only a few vectors of Bartonella
bacteria have been confirmed through controlled exposure of
hosts to infected vectors (Tsai et al., 2011; Morick et al., 2013), and
all of these have been in non-bat hosts. A previous study by Jardine
et al. (2006), demonstrated declines in Bartonella prevalence after
an experimental insecticide treatment reduced flea densities on
Richardson’s ground squirrels (Spermophilus richardsonii), indi-
cating that fleas are important vectors of Bartonella. The role of bat
flies as Bartonella vectors had been speculated in previous work on
Bartonella dynamics in bats (Morse et al., 2012; Brook et al., 2015;
Stuckey et al., 2017; Sándor et al., 2018; Nabeshima et al., 2020;
Fagre et al., 2023), but our experimental study provides conclusive
support for nycteribiid transmission of Bartonella in bat hosts.

Multiple measures of Bartonella diversity decreased over the
corresponding period when flies were at low density. This decline
may be attributed to the stochastic loss of rare species and the
increase in relative frequency of some species, specifically Ew,
through persistent infection. Bartonellae are known to cause per-
sistent infections in their reservoir hosts, with frequently relaps-
ing bacteraemia that can occasionally go dormant and reactivate
through the clonal expansion of antigenic or phase variants, or
potentially coinfecting Bartonella species (Kosoy et al., 2004b; a;
Harms andDehio, 2012; Pulliainen andDehio, 2012). Interestingly,

all diversity measures increased before the restocking of flies,
reaching a local peak in diversity in January 2012 before declin-
ing again. This second decline could be attributed to the decline
of the dominant Ew, allowing potentially latent infections by other
species (E1, E2, E3, E5) to emerge as the dominant species infect-
ing the bat population. The dominance of these species in the
colony continued after flies were restocked and among-host trans-
mission was restored, thus causing a short decline in diversity
measures. These patterns indicate that dispersal of infections by
flies is not only key to maintaining infection prevalence, but also
the long-term maintenance of Bartonella community diversity in
bats.

We also hypothesized that limitation of parasite dispersal would
result in stochastic losses of rare Bartonella species and changes
in community beta diversity via ecological drift and shifts in the
rank abundance of Bartonella communities due to species sort-
ing. The rarest species in the community, Bartonella species Eh7,
was lost during the study and was not restored, even when flies
were restocked. This failure was likely due to a sampling effect,
wherein flies carry only a subset of Bartonella species, therefore
limiting opportunities for effective reintroduction of rare species.
This is especially true for this experiment given the small num-
ber of flies (N = 73) added to the colony. As noted above, beta
diversity did not exhibit the expected increase when the fly popula-
tion declined. Instead, there was a decrease in beta diversity due to
the dominance of species Ew. This dominance of Ew was the most
conspicuous trend in the dynamics of the Bartonella community
over most of the study, except for at the end of the experiment
when there was a shift towards the next most abundant species,
E5, and other lower-ranked species. This shift towards E5 and the
decline in Ew occurred before the addition of flies and was inde-
pendent of the effects of among-host dispersal (due to the low
density of flies at this time). We speculate that this is an emer-
gent pattern due to within-host selection against Ew by the host
immune system. Specifically, as Ew came to dominate within the
population and in individual bats, it may have become the pri-
mary target of host immune responses. As Ew was eliminated, this
allowed for the emergence of other, latent infections within coin-
fected bats. Thus, without dispersal of Bartonella species by bat fly
vectors, we hypothesize that ecological drift and species sorting
by the host immune system cause observable changes in bacterial
communities.
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Finally, we hypothesized that interactions among Bartonella
species would be detectable based on coinfection frequencies, pro-
viding evidence of competition or facilitation in pathogen com-
munities. While most interactions were not significant, species
Ew has negative effects on several species and is typically present
with few coinfections. In contrast, positive effects were observed
between species E1, E3 and E5, which show a much higher fre-
quency of coinfection. These results indicate that parasitic bacteria
like Bartonella do have measurable ecological interactions that are
not uniformly competitive. These positive interactions could have
played a role in the replacement of Ew with E5 and other species
late in the study.

From just a single experiment, we can make several inferences
about the ecology of Bartonella infections in bats. First, they can
be persistent, lasting potentially hundreds of days. Other studies
have alluded to the possibility of persistent Bartonella infection
with periodic recrudescence in rodents (Kosoy et al., 2004b; a;
Bai et al., 2011; Goodrich et al., 2020) and bats (Becker et al.,
2018); however, these studies were conducted in open popula-
tions where reinfection by vectors was likely frequent. Although
we cannot rule out that some reinfection occurred due to a small,
remnant bat fly population in the colony, the decline in bat fly
density to an undetectable level should have reduced reinfec-
tions relative to studies of wild populations. Second, Bartonella
community diversity can be driven by dispersal, drift, and eco-
logical selection (i.e., species sorting), as predicted by ecological
theory (Vellend, 2010; Seabloom et al., 2015). The current study
has shown that when dispersal is limited, the effects of ecological
drift and selection can be more apparent. Two types of ecological
selection can occur in these parasite populations, either through
interactions with the host immune system or through interspecific
interactions. As noted above, the immune systemmay lead to peri-
odic selection against the dominant infecting species, a negative
frequency-dependentmechanism thatmight helpmaintain diverse
parasite communities (Fallon et al., 2004; Christie and McNickle,
2023).

Dominance appears to be a similar facet of the composition of
pathogen communities (de Jong et al., 2025; Pinotti et al., 2019) as
it is in free-living organisms (Smith and Knapp, 2003). The dom-
inance of Ew may thus stem from multiple facets of its ecology.
First, it appears to be persistent within bats (Figure 5), and sec-
ond, it appears to be readily taken up by flies (Figure 4C, D). We
note that Ew is also the most clonal, i.e., genetically homogenous,
species in the community and might be a more recently evolved or
introduced species in E. helvum (Bai et al., 2015). While there was
no evidence that Ew caused higher infection loads (byCt value), the
resolution of our sampling protocol probably was not high enough
to detect this.

This study has several limitations that could be addressed with
additional studies of this system. Firstly, the decline and restock-
ing of bat flies in the colony was not precisely controlled, nor
replicated in multiple bat populations. While this natural exper-
iment provides promising data identifying the role of bat flies as
Bartonella vectors, additional field studies are needed to verify
their competence while controlling for other environmental fac-
tors that may affect transmission. Such experiments might involve
controlled exposure of Bartonella-negative bats and confirma-
tion of the exposure route. Alternative routes might include bat
fly bite, requiring tropism of the bacteria to the salivary glands,
or contamination through bat fly faeces, requiring replication
in the fly gut and persistent shedding of viable bacteria in fae-
ces.

We also recognize that themolecularmethods we used to detect
Bartonella infections cannot give us a full picture of the micro-
bial community dynamics occurring in this system. For instance,
our PCR-based approach almost certainly underestimated the
frequency of coinfections in bats. Multiplexed high-throughput
sequencing on blood samples could detect coinfectionswith higher
sensitivity and provide better measurements of the relative abun-
dance of Bartonella species within the bat hosts (Power et al.,
2021; Bai et al., 2023). Isolation of Bartonella cultures could pro-
vide opportunities to inspect growth curves throughout the infec-
tion cycle to see if some species have any growth advantages
(Lynch et al., 2011; Gutiérrez et al., 2017). Finally, whole-genome
sequencing from blood or cultures could identify genetic changes
in Bartonella in response to host immune selection (Rodríguez-
Pastor et al., 2024). Additional studies could try other methods
to examine immune function in bats (Boughton et al., 2011)
in response to Bartonella infection to confirm the existence of
frequency-dependent selection against Bartonella species and to
help determine the appropriate epidemiological models to explain
Bartonella infection dynamics (Brook et al., 2017). Other forms
of interference or resource competition must be explored further
(Pedersen and Fenton, 2007), perhaps through controlled infection
experiments.

In summary, this study has contributed to a more comprehen-
sive understanding of the ecology of Bartonella species in bats and
connects with broader community ecology theory developed in
free-living and symbiotic organisms (Vellend, 2010; Costello et al.,
2012; Miller et al., 2018). In this experiment, limitation of disper-
sal led to declines in local Bartonella species diversity in individual
bats, a pattern that fits well with predictions from patch dynam-
ics or mass effects models of metacommunities (Leibold et al.,
2004). The results also show that not all bacterial interactions are
negative, even those that presumably share the same niche. This
parallels the recognized importance of positive species interactions
in plant communities (Bertness and Callaway, 1994) and among
bacterial taxa in animal microbiomes and aquatic habitats (Faust
et al., 2012; Ju and Zhang, 2015; Hegde et al., 2018). A recent study
by Gutiérrez et al. (Gutiérrez et al., 2018) on Bartonella infections
in desert rodents showed amixture of negative, neutral andpositive
interactions similar to the present study. Theoretical and exper-
imental studies suggest that communities remain stable through
a predominance of neutral or weak species interactions that can
attenuate large competitive or facultative effects (McCann, 2000;
Aschehoug and Callaway, 2015). Weak interactions, paired with
the frequency-dependent selection discussed above, could provide
a model for understanding how Bartonella species and other par-
asitic microorganisms coexist in communities within their hosts.
Such mechanisms could allow bacteria to share a niche or split it
temporally, which could lead to periodic shifts in the dominant
species but maintain the community as a whole. Future work using
this system and similar longitudinal studies on other pathogens
in natural host populations could lead to additional insights into
the nature of microbial communities and the broad ecological
processes that act across taxonomic and spatial scales.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S0031182026101656.

Data availability statement. The data that support the findings of this
study are available in the supplementary material of this article. Representative
sequences for Bartonella genogroups Eh6 and Eh7 from E. helvum and
C. greefi have been submitted to GenBank under the accession numbers
MN249715–MN249720 and MN250730–MN250788. Phylogenetic trees, R
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code and additional data sheets are available on GitHub (https://github.com/
clifmckee/eidolon_captive_bartonella).
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