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Abstract. The study of ecological differences among coexisting microparasites has been
largely neglected, but it addresses important and unusual issues because there is no clear
distinction in such cases between conventional (resource) and apparent competition. Here
patterns in the population dynamics are examined for four species of Bartonella (bacterial
parasites) coexisting in two wild rodent hosts, bank voles (Clethrionomys glareolus) and wood
mice (Apodemus sylvaticus). Using generalized linear modeling and mixed effects models, we
examine, for these four species, seasonal patterns and dependencies on host density (both
direct and delayed) and, having accounted for these, any differences in prevalence between the
two hosts. Whereas previous studies had failed to uncover species differences, here all four
were different. Two, B. doshiae and B. taylorii, were more prevalent in wood mice, and one, B.
birtlesii, was more prevalent in bank voles. B. birtlesii, B. grahamii, and B. taylorii peaked in
prevalence in the fall, whereas B. doshiae peaked in spring. For B. birtlesii in bank voles,
density dependence was direct, but for B. taylorii in wood mice density dependence was
delayed. B. birtlesii prevalence in wood mice was related to bank vole density. The
implications of these differences for species coexistence are discussed.
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INTRODUCTION

While studies of coexisting closely related species are

commonplace in ecology generally, there have been very

few of parasites (Dobson 1985, Lello et al. 2004; see also

Cox 2001 for a general review of ‘‘concomitant’’

infections). Studies of microparasites have been espe-

cially rare. This is partly a reflection of a general neglect

of parasites by ecologists. But it probably also reflects a

common pattern, in which molecular approaches have

only recently demonstrated as a complex of different

parasite species what was previously described as a

single species on the basis of its phenotype (e.g.,

Baranton et al. 1992, Birtles et al. 1994).

The coexistence of similar microparasite species is of

interest beyond a wish simply to establish that processes

structuring microparasite communities are similar to

those acting on other communities. Most early studies of

coexistence addressed issues concerning how, and to

what extent, competitors may differ in their exploitation

of shared resources; but it has since been recognized that

species at the same trophic level may alternatively

coexist through apparent competition (Holt 1977), in

which prey species differ in their susceptibility to shared

predators (and additionally as a result of spatial and/or

temporal heterogeneities; see Begon et al. 2006). It

appears not to have been noted previously that in the

case of parasites, the distinction between resource and

apparent competition effectively breaks down. Species

are normally affected by resource competition through

the trophic level below, and by apparent competition

through the trophic level above, but parasites are

affected by both through interactions with the same

hosts. An individual host, by mounting specific (espe-

cially immune) and more general attacks on one parasite

species, may make that host wholly or partially

unavailable to a second parasite species, decreasing the

resources available to the second. Apparent competition

reduces resource availability. Thus, investigating coex-

istence among closely related parasites may pose subtle

and previously unstudied questions.

The genus Bartonella comprises gram-negative cocco-

bacillary Proteobacteria. They parasitize erythrocytes in

a wide range of mammalian species, and several are

associated with human or animal disease (Anderson and

Neuman 1997, Breitschwerdt and Kordick 2000).

Historically, on morphological grounds, a very limited

number of species were described, but modern methods

have identified increasing numbers, often infecting the

same host species (Birtles et al. 1994, Boulouis et al.

2005). Although the transmission mechanisms of barto-

nellae are not fully understood, arthropod vectors are

important (Breitschwerdt and Kordick 2000), and

experimental studies have demonstrated that fleas can

transmit Bartonella spp. between rodents in Britain and

Europe (Bown et al. 2004). In a previous, preliminary

study of Bartonella in two species of woodland rodent in
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the United Kingdom, Clethrionomys glareolus, the bank

vole, and Apodemus sylvaticus, the wood mouse, several

Bartonella species were found to infect both (coexisting)

species, and mixed infections were also sometimes found

(Birtles et al. 2001). Elsewhere, studies have suggested

some host specificity among Bartonella spp. (Kosoy et

al. 1997, 2000), but in general it is clear that different

Bartonella species can coexist within individual hosts,

host species, and geographic sites (Kosoy et al. 1997,

2004, Birtles et al. 2001), though the means by which

they do so is unknown.

A key step in addressing this question is to identify

differences between the Bartonella species: in their

prevalence in different hosts, in seasonal patterns, and

in their responses to host densities. Here, for the first

time, these issues are taken up using longitudinal data

from natural populations: those of bank voles and wood

mice studied by Birtles et al. (2001). The focus is on

patterns in prevalence at the population level. A

subsequent analysis will examine questions at the level

of the individual host: length of infection, parasite

species coexistence within individuals, and other factors.

Specifically, interest concerns a number of aspects of

the temporal dynamics of Bartonella. First, is there a

seasonal pattern in infection probability in either host

species? Second, is there evidence of an association

between infection probability and host density? To

address this question, it is necessary to have taken

seasonality into account because it is well known that

the densities of these rodent species themselves vary

seasonally (Alibhai and Gipps 1985, Flowerdew 1985).

It is also important to determine the time delay with

which any effect of density operates because, for

example, direct and delayed effects of density will reflect

very different biological mechanisms (Royama 1992).

The typical length of a Bartonella infection in both bank

voles and wood mice is in the order of two months, (R.

Birtles and S. Telfer, unpublished data) and therefore

infected individuals are likely to have become infected

during the previous few months. As it would be

biologically naı̈ve to attempt to identify the time lag of

a density effect, because the underlying mechanisms

operate at rates that exhibit natural variation (i.e., an

identified time lag indicates only a ‘‘central tendency’’)

and densities at nearby time lags are inevitably

correlated, we seek simply to distinguish between effects

of density that are, biologically, ‘‘direct’’ (density in the

previous one to three months being influential), and

those that are delayed (density six and/or 12 months ago

having the stronger association). Finally, we ask

whether either of the host species influences infection

prevalence in the other host species, seeking specifically

an effect of the density of the alternative species (at a

variety of lags).

METHODS

Bank voles and wood mice were trapped from April

2001 to May 2003 within a 1-ha plot of mixed woodland

in northwest England (5381903600 N, 38304000 W). A 10 by

10 grid was marked out with 100 trap stations situated at

10-m intervals, with two Longworth traps at each

station. Each site was trapped approximately monthly

(primary sessions) for a period of 2–3 days, with traps

checked daily (winter) or twice daily (summer). Bedding

material and waste was removed from traps containing

animals, and they were cleaned with 70% ethanol prior

to being reset. Traps were sterilized in an autoclave

between primary sessions. All animals were tagged using

subcutaneous microchips. On first capture in a primary

session, a 20–40 lL blood sample was taken from the

tail tip.

DNA extracts were prepared by alkaline digestion

(Bown et al. 2003). BartonellaDNA was detected using a

Bartonella genus-specific semi-nested PCR assay (Telfer

et al. 2005), in which PCR products from different

species are of different sizes (Roux and Raoult 1995).

Electrophoretic resolution of PCR products on 3%

(mass/volume) agarose gels permitted identification of

Bartonella species.

To assess whether there are seasonal or host density-

related effects on infection probability of the different

Bartonella species in the two hosts, we combine three

approaches, each of which brings different strengths.

The first operates at the population level and treats the

number of infected animals at a given time as a binomial

realization of the number captured in a generalized

linear model (McCullagh and Nelder 1989) with a logit

link. The binomial model strictly treats observations as

independent, but some animals were trapped in more

than one session (though 61% were trapped on three

occasions or less) and may have been infected on more

than one capture. In an attempt to counteract this while

maintaining a population-level approach, infection

probability at time t � 1 was always included as a

covariate to explain infection probability at time t. Due

to the typical length of infections (see Introduction),

infection probability at time t� 1 was deemed the most

appropriate covariate. Thus, we allow for the fact that

the same animal might have the same infection in

successive sessions. We include the following additional

covariates: sinusoidal components to reflect seasonality

(e.g., Diggle 1990), and density (both the host and the

other species) at a variety of lags (1, 2, 3, 6, and 12

months), with population sizes estimated using the Jolly-

Seber method for open populations (Schwarz and Seber

1999; density estimates were also available for the 12

months prior to April 2001). Model selection was

performed using the Akaike Information Criterion

(AIC), with a decrease in AIC greater than two

indicating model superiority (Sakamoto et al. 1986).

As a result of the lack of independence, we interpret

standard errors from the model cautiously as they may

be underestimates.

In a second, supporting analysis we implement a

simulation procedure similar to a bootstrap (Efron and

Tibshirani 1993). To counteract the problem of repeated
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captures, while maintaining a population-level ap-

proach, we draw one capture at random from all

captures for each animal and fit a GLM to the simulated

data. We repeat the process 100 times, and use AICs to

compare the ‘‘optimal model’’ (as chosen by the

population-based approach on the full data set) with

other competing models, assessing for each pair of

models the proportion of simulations where the optimal

model shows a decrease in AIC greater than two. As

repeated captures did not appear in the simulated data

sets, the infection probability at time t� 1 was excluded

from all models. In this analysis, there is an inevitable

loss of power brought about by the reduced sample size.

In the final approach, fully respecting the noninde-

pendence of the data, based on covariates found to be

significant at the population level we fitted an individ-

ual-level (binomial) generalized linear mixed model

(GLMM; Venables and Ripley 2002) with an animal-

level random effect. As our interest in the present paper

is focused on population level patterns and model

selection for GLMMs is difficult, we use the individu-

al-level models to strengthen further our findings

regarding the association between infection probability

and covariates, and for confirming that inference from

the population and individual-level models are in broad

agreement. All statistical analyses were carried out in the

R software package (available online)4 and using the

library MASS (Venables and Ripley 2002).

RESULTS

Plots of the estimated densities of bank voles and

wood mice throughout the two-year study period (Fig.

1a, b) show clearly that the bank vole population grew

appreciably in the second year, whereas the wood mouse

population underwent a considerable decline. We

identified infections by five Bartonella species: B.

grahamii, B. birtlesii, B. taylorii, B. doshiae and a

Bartonella genotype incompletely characterized, but

believed to be a new species and subsequently referred

to as BGA (Fig. 1d–h). The proportions of tagged bank

voles and wood mice positive at least once for each of

the species over the study period are shown in Table 1.

DNA from more than one species of Bartonella was

detected in 5.7% of samples (n ¼ 172), indicating that

mixed infections were present. Ignoring initially compli-

cations introduced by density and seasonal effects, there

is evidence that two species were more prevalent in bank

voles (B. grahamii and B. birtlesii), and three were more

prevalent in wood mice (B. taylorii, B. doshiae, and

BGA).

For subsequent analyses, we restrict our attention to

B. grahamii, B. birtlesii, and B. taylorii in both host

species and B. doshiae in wood mice only, because B.

doshiae was rare in bank voles and BGA was rare in

both hosts. For each species we determine the extent to

which seasonal and/or density effects can be demon-

strated. We also revisit apparent differences in preva-

lence between host species once such effects have been

taken into account. For the data sets with greatest power

the simulation analyses broadly supported the conclu-

sions from the full data set. Consequently, we only

present the results from the full data set population

analyses and the individual level analyses, except where

the simulations suggested significant difficulties in

distinguishing between competing models. AIC values

of the most relevant models are quoted in the text. AIC

values for all population-level models considered are

provided in the Appendix.

B. birtlesii

The optimal model for bank voles includes prevalence

at the previous trapping session (positive coefficient), a

seasonal effect, and bank vole density at a lag of three

months (positive coefficient, AIC¼ 102.8). Models with

densities at lags of two and six months (AICs ¼ 104.4,

103.8) also receive weak support but one with a 12-

month lag receives none (AIC ¼ 113.3). Neither is

inclusion of wood mouse density supported. Compara-

ble results are found in the individual-level model, and

the coefficient for bank vole density three months

previously is similar (0.048 6 0.010 [SE] compared with

0.037 6 0.011).

For wood mice, the optimal model (AIC ¼ 91.5)

includes prevalence at the previous trapping session

(positive coefficient) but neither seasonal components

nor wood mouse density. It does, however, include a

positive effect of bank vole density with a lag of three

months. Again, comparable results are found in the

individual-level model, and the coefficients for bank vole

density with a lag of three months are similar (0.029 6

0.009 compared with 0.035 6 0.008).

Fitted values for the two final models are shown in

Fig. 2a. The seasonal pattern in bank voles shows an

August/September peak and a February/March trough.

Throughout most of the study period, in line with initial

observations (Table 1), prevalence in bank voles was

markedly higher than in wood mice. However, toward

the end of the study, following a period when the

number of infected bank voles was high, there was a

brief period during which prevalence in wood mice was

appreciably higher than that in bank voles.

B. grahamii

The optimal model for B. grahamii in bank voles

includes prevalence at the previous trapping session

(positive coefficient) and seasonal variation in infection

probability (AIC ¼ 112.1), but there is no support for

inclusion of any density effects (typically, AIC is

increased to around 114). Inclusion of a seasonal effect

but not of density effects is confirmed by the individual-

level model.

For B. grahamii in wood mice, the optimal model

(qualitatively confirmed at the individual level) includes4 hhttp://www.r-project.orgi
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prevalence at the previous trapping session (positive

coefficient), seasonal variation, and a negative associa-

tion with bank vole density at a lag of six months (AIC¼
102.7). However, it is worth noting that a model

including a positive association with the density of

wood mice in the previous month has an AIC only 2.4
greater (AIC¼ 105.1), and the simulation analysis based

on subsets of the data had difficulty distinguishing

between these two models (in only 41% of simulations

was the model that included the bank vole density effect

better [DAIC . 2] than a model with the wood mouse

density effect).

Fitted values for the two final models are shown in

Fig. 2b. In line with the raw time series (Fig. 1e), there is
a clear suggestion that the seasonal peak is extended in

bank voles (September/October) compared to wood

mice (August/September), and the subsequent trough

also occurs later (March/April compared to February/

March), whereas the spring increase in prevalence is

apparently simultaneous. The consequent prevalence

differential between October and March appears to

account for the apparently higher prevalence of B.

grahamii in bank voles than wood mice (Table 1).

FIG. 1. Estimates of population density, with 62 SE bars, in (a) bank voles and (b) wood mice, and raw time series data for
prevalence of (c) all Bartonella species combined, (d) B. birtlesii, (e) B. grahamii, (f ) B. taylorii, (g) B. doshiae in wood mice only,
and (h) the unnamed species BGA in wood mice only.

TABLE 1. Percentages of tagged bank voles and wood mice
that were positive at least once during the study period for
each of the five Bartonella species.

Bartonella
species

Bank voles
(n ¼ 346)

Wood mice
(n ¼ 405)

B. grahamii 38.7% (n ¼ 134) 25.1% (n ¼ 102)
B. birtlesii 25.4% (n ¼ 88) 16.0% (n ¼ 65)
B. taylorii 17.1% (n ¼ 59) 37.5% (n ¼ 152)
B. doshiae 0.6% (n ¼ 2) 17.5% (n ¼ 71)
BGA 0.6% (n ¼ 2) 7.4% (n ¼ 30)

Note: Two species were more prevalent in bank voles (B.
grahamii, v2

1 ¼ 15.26, P , 0.0001; B. birtlesii, v2
1 ¼ 9.56, P ¼

0.002), and three were more prevalent in wood mice (B. taylorii,
v2

1 ¼ 37.73, P , 0.00001; B. doshiae, v2
1 ¼ 59.19, P , 0.00001;

BGA, v2
1 ¼ 19.69, P , 0.00001).

SANDRA TELFER ET AL.1844 Ecology, Vol. 88, No. 7



B. taylorii

For B. taylorii in bank voles, the optimal population-

level model (qualitatively confirmed at the individual

level) includes prevalence at the previous trapping

session (positive coefficient) and wood mouse density

(negative coefficient) with a lag of two months (AIC ¼
73.1), but there was no additional support for a seasonal

component. However, this result should be treated with

caution because models including nearby wood mouse

density lags (one and three months) were markedly

inferior (AIC values of 82.7 and 89.2, respectively).

Moreover, in only 26% of simulations was the model

including an effect of wood mouse density at a lag of

two months better than the null model.

The optimal model for infection probability in wood

mice includes prevalence at the previous trapping session

(positive coefficient) and a seasonal component, and

support is similar for wood mouse densities with a lag of

12 months (AIC¼ 128.3) and six months (AIC¼ 128.2).

There is no support for densities at shorter lags nor for

bank vole densities. These results and the values of

coefficients are confirmed at the individual level (12

months, 0.010 6 0.005 compared with 0.012 6 0.005; six

months, 0.006 6 0.004 compared with 0.010 6 0.004).

Fitted values for the two final models are shown in

Fig. 2c. The seasonal pattern in wood mice is similar to

that for B. grahamii in wood mice. Throughout the study

period, in line with initial observations (Table 1),

prevalence in wood mice was markedly higher than in

bank voles.

B. doshiae

For B. doshiae in wood mice, the optimal model

includes prevalence at the previous trapping session

(positive coefficient), a seasonal component, and an

effect of bank vole density two months previously

(positive coefficient; AIC¼ 109.6). However, it is worth

noting that a model including wood mouse density 12

months previously has an AIC only 2.8 greater. In only

FIG. 1. Extended.
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5% of simulations was the model including the bank vole

density effect better than one including the wood mouse

density effect. Moreover, the B. doshiae analysis lacks

power due to low prevalence; there are strong correla-

tions between bank vole and wood mouse densities (r¼
0.93); and B. doshiae infection is virtually absent in bank

voles. Individual level models also qualitatively confirm

that distinguishing between an effect of current bank

vole density and past wood mouse density is problem-

atic.

Fitted values for the optimal model are shown in Fig.

2d. Note in this case, in contrast to the other Bartonella

species, that peak prevalence occurs around March with

a trough around September.

DISCUSSION

In the study of ecological ‘‘guilds’’—groups of species

exploiting the same class of resources in a similar way

(Root 1967)—there has been a common pattern: species

that seem ecologically similar initially become increas-

ingly distinct the closer they are examined, suggesting

(but not proving) a means by which they might coexist.

However, in line with the relative neglect of micropar-

asite communities generally, this pattern seems not to

have been observed previously in a guild of micropar-

asites infecting wild animals. In an initial study of our

system (Birtles et al. 2001), no differentiation in seasonal

pattern, host ‘‘preference,’’ or any other feature was

apparent. The present study, however, has revealed clear

patterns in the distribution and abundance of the

various Bartonella species and important differences

between them in terms of their host specificity,

seasonality, and response to host density. We address

each of these aspects in turn.

Some of these parasites are consistently more

prevalent in one host than the other (though none are

found exclusively in only one host). B. taylorii and B.

doshiae (and probably the rare BGA) are more prevalent

in wood mice than bank voles, whereas B. birtlesii is

more prevalent in bank voles. However, the apparently

FIG. 2. Predictions of the optimal model, with 95% confidence intervals, for prevalence of (a) B. bertlesii, (b) B. grahamii, (c) B.
taylorii, and (d) B. doshiae in wood mice only.
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higher prevalence of B. grahamii in bank voles than

wood mice is attributable to its fall peak in prevalence

being extended for a longer period in bank voles, rather

than it ever achieving a higher prevalence; while the

pattern for B. birtlesii was reversed (prevalence higher in

wood mice) for a period toward the end of the study.

This emphasizes the necessity of extended studies with

repeated sampling, as ‘‘snapshots’’ of host differences in

prevalence can clearly be misleading.

In general, a higher Bartonella prevalence in one host

species than another is likely to reflect either (1) a

difference in resistance to infection, or (2) an association

between that Bartonella species and a species of vector

(almost certainly a flea; Bown et al. 2003) coupled with a

difference in the prevalence of vector infestation. No

data were available on flea infestation rates in the

present study, but a previous study at the same site

conducted between November and April found four

species of flea (Ctenophthalmus nobilis, Amalaraeus

penicilliger, Rhadinopsylla pentacantha, and Hystrichop-

sylla talpaei; Bown 1999). However, it is unknown

whether these species vary in either their vector

competence for different Bartonella species or their

prevalence on different host species at our site. In an

ongoing study at a different site, where field voles

(Microtus agrestis), bank voles, and wood mice coexist,

we are investigating host–vector–Bartonella relation-

ships in more detail.

The extended peak in prevalence of B. grahamii in

bank voles is consistent either with a similar rate of

initial infection in the two host species but longer-lived

infections in bank voles, or with a longer season of high

transmission rates in bank voles. Preliminary investiga-

tions of the data found no difference between bank voles

and wood mice in the length of B. grahamii infections

(not shown), but more detailed examination of the data

in subsequent analyses will investigate this possibility in

detail.

The period of relatively high prevalence of B. birtlesii

in wood mice coming after a period of high prevalence in

bank voles was reflected in the optimal model for

prevalence in wood mice including bank vole density at

a lag of three months. This suggests ‘‘spillover infection’’

(Power and Mitchell 2004), where infection is main-

tained in one host species, which is then the main source

of infection in a second host species, though spillover

infection seems never previously to have been demon-

strated directly from time series data. There are two

plausible mechanisms: high numbers of infected bank

voles may pose a direct threat of infection to wood mice,

or high total numbers of bank voles may lead to a high

number of shared vectors. Because the selected model

for B. birtlesii in bank voles included bank vole density

(lag 3), either would express itself as an influence of bank

vole density on wood mouse prevalence.

Among the Bartonella species, two contrasting sea-

sonal patterns were apparent. The more common was

shown by B. grahamii in both host species, B. taylorii in

wood mice, and B. birtlesii in bank voles: peak

prevalence in late summer/fall and the lowest prevalence

in late winter/spring. A reversed pattern was shown by

B. doshiae in wood mice. Variations in seasonal pattern

have also been suggested, albeit from twice-yearly

(spring and fall) sampling, for Bartonella species in field

voles in a grassland community of rodents in northern

England (Telfer et al. 2007). Again, B. grahamii and B.

taylorii were more prevalent in the fall, and only B.

doshiae more prevalent in spring. The common pattern

fits expectations based on the known biology of rodent

Bartonella species: prevalence increasing over a period of

peak activity of a flea vector (Bown et al. 2003), but

declining as flea activity declines because infections are

mostly short-lived (Birtles et al. 2001). By contrast, the

pattern for B. doshiae in wood mice suggests a

combination of at least some of the following: increased

transmission during the fall and/or winter (due to

reliance on a flea species with peak activity during this

time or seasonal changes in host behavior that result in

significant amounts of transmission by means other than

fleas) and long-lived infections, such that these infections

continue to accumulate as the cohort of hosts born over

the summer ages. Some evidence from another host

species indicates that B. doshiae infections may indeed be

relatively long-lived (R. Birtles and S. Telfer, unpublished

data). Of 12 field voles captured while infected with B.

doshiae and taken into the laboratory, 44% were still

infected after 10 weeks, compared with ,12% for

animals infected with B. grahamii (n ¼ 9), B. birtlesii (n

¼ 12), and B. taylorii (n ¼ 12).

Even after taking seasonal patterns into account,

there was, in several cases, a demonstrable effect of host

density on prevalence. For B. birtlesii in bank voles this

effect was direct (densities from the recent past were

included in the optimal model), but for B. taylorii in

wood mice the effect was ‘‘delayed’’ (densities 6–12

months previously were included). There was also some

suggestion in wood mice of a direct effect for B. grahamii

and a delayed effect for B. doshiae. Interestingly, the

study by Telfer et al. (2007) also found that prevalence

of B. doshiae (in field voles) showed delayed density

dependence. Direct density dependence suggests that

transmission rate is itself dependent on host density, the

slight ‘‘delay’’ (1–3 months) reflecting the time course of

the spread of the infection. Delayed density dependence,

on the other hand, suggests a possible role for flea

vectors as intermediaries: high host densities leading

after a delay to high vector densities and hence high

transmission rates.

There was also one further case in which prevalence in

one host was clearly associated with the density of the

other host (in which the parasite was more prevalent).

This positive effect of bank vole density on the

prevalence of B. birtlesii in wood mice has been

discussed already in terms of spillover. Overall, then,

we have established that these microparasite species,

which were originally indistinguishable morphologically,
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and were subsequently distinct molecularly but not

ecologically (Birtles et al. 2001), are in fact, on closer

examination, distinct ecologically too. As with coexist-

ing guilds of higher organisms, differences between

species may reflect the means by which those species

coexist, either through resource partitioning or apparent

competition, but they may equally have arisen for

reasons that have nothing to do with coexistence (Begon

et al. 2006). Although this issue appears not to have

been addressed previously for microparasites infecting

wild animal populations, studies in humans suggest that

interactions between malaria species (including interac-

tions mediated by the immune system) are instrumental

in allowing coexistence (Bruce et al. 2000, Bruce and

Day 2003). Similar processes acting on wild animal

microparasite communities may be of both practical

importance (because many are of medical, veterinary, or

agricultural significance) and difficult to disentangle.

Specifically, the distinction between conventional

(resource) and apparent competition in microparasites

is not clear-cut. Hosts are a resource for which different

parasite species may compete (conventional competi-

tion). But equally, the same hosts attack and may

eliminate their parasites, and parasites may differ in

their ability to withstand these attacks (apparent

competition). The Bartonella species may compete with

one another for resources at the level of the individual

(erythrocytes and vascular endothelial cells; Dehio 2005)

or the population (susceptible individuals). Coexistence

may be favored if they are differentiated in their use of

those resources. But equally, a host’s immune response

to infection by one Bartonella species may be effective

against other Bartonella species (apparent competition).

Coexistence may be favored if responses to those attacks

are differentiated, especially by virtue of a less than

perfect cross-immunity.

The present study was conducted at a single study site

and, consequently, some care needs to be taken in

interpretation of results. Nonetheless, in the case of the

four species examined in detail here, no two showed the

same pattern in terms of distribution and dynamics, and

hence a basis for coexistence undoubtedly exists. B.

taylorii and B. doshiae were more prevalent in wood

mice than bank voles, whereas B. birtlesii was more

prevalent in bank voles than wood mice. B. birtlesii, B.

grahamii, and B. taylorii were all more common in the

fall, whereas B. doshiae was more common in spring.

For B. birtlesii in bank voles and possibly B. grahamii in

wood mice, density dependence was direct, but for both

B. taylorii and B. doshiae in wood mice density

dependence was delayed. This puts coexisting Bartonel-

lae in much the same position as coexisting tits (Lack

1971) and warblers (MacArthur 1958) in the 1950s and

1960s. On-going work is aiming to determine how

important these (and other) differences actually are for

coexistence in this special case of vertebrate micropar-

asites.
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