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Abstract 

 

While pathogens are often assumed to limit the growth of wildlife populations, experimental 

evidence for their effects is rare. A lack of food resources has been suggested to enhance the 

negative effects of pathogen infection on host populations, but this theory has received little 

investigation. We conducted a replicated two-factor enclosure experiment, with introduction 

of the bacterium Bordetella bronchiseptica and food supplementation, to evaluate the 

individual and interactive effects of pathogen infection and food availability on vole 

populations during a boreal winter. We show that prior to bacteria introduction, vole 

populations were limited by food availability. B. bronchiseptica introduction then reduced 

population growth and abundance, but contrary to predictions, primarily in food 

supplemented populations. Infection prevalence and pathological changes in vole lungs were 

most common in food supplemented populations, and are likely to have resulted from 

increased congregation and bacteria transmission around feeding stations. B. bronchiseptica 

infected lungs often showed protozoan co-infection (consistent with Hepatozoon 

erhardovae), together with more severe inflammatory changes. Using a multidisciplinary 

approach, this study demonstrates a complex picture of interactions and underlying 

mechanisms, leading to population-level effects. Our results highlight the potential for food 

provisioning to markedly influence disease processes in wildlife mammal populations.  
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Background 

 

Pathogens can limit the growth of wildlife populations. In the most extreme cases, epizootic 

outbreaks may cause large-scale, stochastic population die-offs [1, 2]. A small but growing 

body of research has identified more subtle effects of pathogens on host reproduction and 

survival [3-6]. However, experimental evidence for pathogen-induced population limitation 

in natural settings is rare [but see 3, 7].  

  

In boreal Europe, vole populations are mostly cyclic [8-11]. Almost a century ago, Charles 

Elton proposed that infectious disease outbreaks ended periodic overpopulation of cyclic 

rodent species [12, 13]. Since then most mechanistic research has focused on dominant 

predation theories [11]. However, past decades have seen interest in the role of pathogens in 

cyclic dynamics reignited [14], with recent studies demonstrating negative effects of endemic 

viruses on vole survival [5, 6].  

 

A survey of vole populations in central Finland during a cyclic winter decline found that 31 

% (range 11 - 73 %, depending on the winter month) of field voles (Microtus agrestis) were 

infected with Bordetella bronchiseptica [14]. This bacterium causes respiratory disease in its 

mammalian hosts [15, 16], and a concomitant increase in lymphoid tissue in vole lungs was 

considered evidence of a possible negative effect of B. bronchiseptica infection on survival 

[14]. B. bronchiseptica has also been linked to a population crash of montane voles (Microtus 

montanus) in North America [17]. However, the involvement of other bacteria and viruses as 

causative agents for the disease processes could not be dismissed in either study.  
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Peak densities of cyclic vole populations occur in late fall every 3 - 5 years, and are followed 

by a severe density crash during winter that usually continues into the following summer [8, 

18]. Winter food depletion has been identified as a factor that limits vole population growth 

at high densities and potentially initiates the cyclic decline [19, 20]. However, a 

complementary role of pathogen infection has not been investigated. 

 

A lack of food resources is likely to diminish an individuals’ physiological condition prior to 

starvation-induced mortality. A vicious circle between poor physiological condition and 

increased infection risk has been proposed for vole and other wildlife species [21, 22]. This 

relationship is thought to be mediated by trade-offs in the allocation of resources between 

costly immunological defences and other pertinent processes [23, 24], and is consistent with 

an annual reduction in non-specific immunological investment observed in voles during 

winter [25]. 

 

Here we report on a factorial experiment using B. bronchiseptica introduction and food 

supplementation to investigate the individual and interactive effects of pathogen infection and 

resource availability on replicated, high-density field vole populations maintained in large 

outdoor enclosures over a boreal winter. We hypothesised that B. bronchiseptica introduction 

and low food availability (no food supplementation) would each limit vole population 

growth, and that populations subjected to both low food availability and B. bronchiseptica 

introduction would suffer higher mortality and reduced population growth than populations 

exposed to either factor alone. To the best of our knowledge, this is the first study to employ 

microparasite introduction as an experimental tool to investigate population limitation. 

 

Methods 

 

Enclosures and abundance monitoring 

 

The experiment was conducted in 32 adjoining field enclosures (each 20 × 25 m) near the 

town of Suonenjoki in central Finland (62°37′30″ N, 27°7′30″ E). This area is characterised 

by a relatively continental climate, with mean long-term summer temperatures of 15°C and 

mean long-term winter temperatures of -8°C. In the experimental winter, the permanent snow 

cover arrived at the enclosures in mid-November 2012 and lasted until the end of April 2013. 

The maximum snow depth during this period was approximately 60 cm. The enclosures were 

made of sheet metal, which rose approximately one meter above ground and extended 50 cm 

underground. Voles were contained within the enclosures, and access by mammalian 

predators, particularly mustelids, was largely prevented. As a net did not cover the 

enclosures, avian predation was possible and signs of owl strikes were occasionally observed 

on the snow surface. Each enclosure contained eight sheet-metal shelter boxes (40 × 40 × 50 

cm), with two entrance holes at the base, approximately 10 m apart. An Ugglan Special live 

trap (Grahnab, Sweden) was placed in each shelter box. 

 

In early October 2012, 5 male and 7 female wild-caught adult (< 8 weeks) field voles were 

released into each enclosure (total n = 384). This male-female ratio was dictated by the 

numbers of trapped voles, and therefore likely reflected natural proportions at the time. It 

resulted in enclosure densities of 417 voles/ha, and is within the density range reported 

during high peak phases of Microtus vole cycles in Fennoscandia (400-500 voles/ha) [26]. 

Additionally, a variable number of field voles were already present in some of the enclosures. 

Live trapping was conducted two weeks after vole introduction, in mid-October, to obtain 

baseline abundance estimates representative of established individuals. Thereafter, prior to B. 



 

 4 

bronchiseptica introduction, populations were monitored on three occasions at 6 - 8 week 

intervals (November 2012, January 2013 and early-March 2013), and twice more at 2 week 

intervals after B. bronchiseptica introduction (end of March and early-April 2013). Food 

supplementation was discontinued immediately before each trapping occasion. Traps were 

baited with oats and left unset for 2 - 3 days. They were then set and checked consecutively at 

7 am, 2 pm and 9 pm, totalling 8 or 9 times over the course of 3 days. Food supplementation 

was immediately continued after each trapping occasion. 

 

Experiment implementation  

 

Following baseline trapping in October, all 32 enclosures were randomised to either food 

supplementation (F+) or no food supplementation (F−) treatments. Food supplementation, in 

the form of rodent pellets (22.5 % crude protein, 5 % crude fat, 4.5 % crude fibre and 6.5 % 

crude ash; Altromin 1314F; Altromin Spezialfutter GmbH & Co., Lage, Germany), was 

provided ad libitum from a wire mesh feeder and an open aluminium tray that were placed in 

each shelter box. Voles could remove and cache pellets from the open trays, whereas from 

the feeders they had to consume the pellets in situ. Feeders and trays were placed into the 

shelter boxes of enclosures assigned to no food supplementation treatment, but left empty.  

 

After the early-March trapping occasion, vole populations were ordered from largest to 

smallest according to population size (minimum number of voles alive) [27], separately for 

both food treatment groups. Thereafter, populations in both food manipulation groups were 

assigned in alternating order into either B. bronchiseptica introduction (B+) or no B. 

bronchiseptica introduction (B−) treatments. Only enclosures containing four or more voles 

were included in the bacterial manipulation (n = 19 enclosures). Thus, the latter phase of the 

experiment employed a two-factor study design with four treatment groups: 1) food 

supplementation + B. bronchiseptica introduction (F+B+; n = 6), 2) food supplementation 

alone (F+B−; n = 5), 3) B. bronchiseptica introduction alone (F−B+; n = 4), and 4) control 

(F−B−; n = 4). Vole monitoring was then conducted twice more at 2 week intervals.  

 

Vole sampling 

 

Each vole was subcutaneously injected with a Passive Induced Transponder (PIT) (EID 

Aalten BV, Aalten, The Netherlands) upon first capture, and the unique identification number 

was recorded at each encounter. Sex and reproductive status of females (subadult, mature, 

pregnant and/or lactating, post-mature) were determined through external examination, and 

body mass and head width were measured to the nearest 0.1 g and 0.1 mm, respectively. To 

minimise vole handling time and associated stress, only the vole identification number was 

recorded during the trapping occasion 2 weeks after B. bronchiseptica introduction.  

 

During the early-March and early-April trapping occasions (before and after B. 

bronchiseptica introduction), voles were placed into ventilated buckets and taken to an on-

site laboratory. Approximately 150 μl of blood was collected from the retro-orbital sinus 

(including only individuals ≥ 15 g) with heparinised capillary tubes, and a blood smear was 

prepared and fixed with ethanol. During the early-March trapping occasion, voles were 

released after sampling into the same shelter box from which they were captured. During the 

final trapping occasion (early-April, one month after B. bronchiseptica introduction), all 

trapped voles (total N=111) were euthanized via cervical dislocation after blood sampling. 

Voles were immediately dissected and their organs removed. A lung sample from each 

animal was frozen (< -20°C) and later cultured to determine the presence or absence of B. 
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bronchiseptica. Lung, liver, spleen, and kidney samples were fixed in 10 % non-buffered 

formalin for histological assessment. 

 

Introduction of B. bronchiseptica into vole populations  

  

B. bronchiseptica was obtained and cultured (see below) from the lung of a single wild field 

vole captured in the surrounding area in autumn 2009. A laboratory pilot study was 

conducted to compare B. bronchiseptica administration routes (subcutaneous injection and 

oral/nasal) and suspension doses (107 and 108 colony forming units (CFU)/ml). Following the 

demonstration of onward transmission to cage mates, a 100 µl suspension of B. 

bronchiseptica (108 CFU/ml) in saline, pipetted into the nostrils and mouth of each 

individual, was selected as the most field deployable method.  

 

To confirm that B. bronchiseptica was not already circulating in the laboratory population 

prior to the experiment, six laboratory-born voles (aged 4 – 8 weeks) were randomly selected, 

euthanized and tested via lung culture for B. bronchiseptica infection; all were negative. 

Voles of the same cohort then underwent an acclimatisation process, involving progressively 

longer periods in outdoor cages, to facilitate adjustment to winter conditions.  

 

A second inoculation suspension was prepared from bacteria isolated from a single field vole 

experimentally infected during the pilot study. For disease introduction, two of the 

laboratory-reared voles were experimentally infected as described above, and introduced 

within one hour to each B+ enclosure. One vole was placed into each of the two shelter boxes 

from which the highest number of voles had been captured during the preceding trapping 

occasion (to maximise the likelihood of transmission). In addition, one established vole from 

each B+ enclosure was experimentally infected in the field using the same protocol as for the 

laboratory infected voles. The combination of inoculating two laboratory-originating voles 

and one resident vole from the enclosure populations was chosen to maximise the likelihood 

of infected voles spreading the bacteria, while minimising disruption to the enclosure 

populations through inoculations and the introduction of foreign individuals. We aimed to 

experimentally infect as few voles as possible, so that natural cycles of infection would 

spread the bacterium through the experimental populations. Two voles, treated with saline 

solution alone, were introduced into each B− enclosure using the same approach. Similarly, 

one established vole from each B− enclosure was administered saline in the field.  

 

Condition indices 

 

Studentised residuals of a linear regression of body mass on head width were employed as an 

index of body condition [28]. Identity of the head width measurer was entered as a random 

factor in the model to adjust for possible systematic measurement error. Pregnant or lactating 

voles, and juveniles weighing under 20 g, were excluded from the analysis of body condition.  

 

Plasma IgG titres were determined using a microplate enzyme-linked immunosorbent assay 

(ELISA) [29]. Plasma albumin was measured using a mouse ELISA kit (Catalogue number 

6300; Alpha Diagnostics International, San Antonio, USA), following the manufacturer’s 
instructions. White blood cell (WBC) counts were carried out on May-Grünwald-Giemsa –
stained blood smears by a veterinary laboratory (Vetlab, Tampere, Finland). The total number 

of leukocytes was determined as the mean of three counts of leukocytes in a ×10 

magnification field-of-view. Differential counts were made on 200 leukocytes using ×50/ 

×100 magnification under oil immersion. 
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Bacteria cultures 

 

The inocula for the pilot and experimental infections were prepared using a 24 h blood agar 

plate culture of B. bronchiseptica, as described below. Bacteria from the plate were 

suspended in saline, the optical density (620 nm) being 0.011. A ten-fold serial dilution was 

immediately prepared from the bacterial suspension and cultivated on blood agar plates. After 

incubation for 24 h at 37 ± 1°C, the number of colonies was observed and counted to be 8.6 x 

107 CFU/ml. Within 4 h, the inocula were transferred at room temperature from the site of 

culture to the site of experimental infection. 

 

Bacteriological examination 

 

Frozen lung samples were thawed and cultured on blood agar (CASO, Merck, incorporated 

with 5 % bovine blood) and bromthymol blue lactose agar plates (Merck). Growths were 

assessed after 48 h incubation at 37 ± 1°C, and after 6 d colonies suspected to be B. 

bronchiseptica were sub-cultured on blood agar, MacConkey agar (Merck) and bromthymol 

blue lactose agar plates to identify colony morphology and colour reactions consistent with 

Bordetella bacteria. Six isolates were examined using the following tests: gram stain, 

oxidase, motility, fermentation of glucose, and API 20 NE (bioMérieux). Fewer tests were 

used for the remaining isolates. Identification of B. bronchiseptica was based on the 

following results: typical colony morphology and colour reactions on blood agar, 

bromthymol blue lactose agar and MacConkey, small Gram-negative rods, oxidase positive, 

motile, non-fermentative, urea and nitrate reduction positive, assimilation of adipate, malate, 

citrate and phenylacetate positive, assimilation of caprate and other tests in API 20 NE 

negative. 

 

Histopathological examination 

 

Formalin-fixed lung, liver, spleen and kidney specimens were trimmed and routinely paraffin 

wax embedded. Sections (3-5µm) were prepared and stained with hematoxylin-eosin for the 

histological assessment. 

 

Data analyses 

 

Vole abundance (hereafter referred to as density) was modelled separately for each enclosure 

with program CAPTURE [30]. Mh models (which incorporate heterogeneity in capture rate), 

with a jackknife estimator, were used to estimate densities on all trapping occasions except 

the last. As voles were not released during the final trapping occasion in mid-April, density 

was estimated with Mbh (removal) models, using Pollock and Otto’s estimator [31]. 

Population growth rates were calculated for each enclosure-based trapping interval using the 

formula, Rt = ln (Nt-1 / Nt), where Nt is the population density at time t [19, 32]. 

 

MARK 7.0 [33] was used to calculate enclosure-based survival rates for each trapping 

interval prior to the introduction of B. bronchiseptica (October 2012 to March 2013). Since 

survival estimates depend partially on recapture rates, Akaike’s information criterion (AIC) 
was used to compare recapture rate models including enclosure, trapping occasion, their 

interaction, or only the intercept. Survival estimates were obtained from the most 

parsimonious recapture rate model [34]. Following the introduction of B. bronchiseptica, 
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survival data were obtained by monitoring the presence or absence of each individual 

captured in early-March through the two successive trapping occasions.  

 

Statistical analyses: pre-B. bronchiseptica introduction.  

 

Repeated measures mixed ANOVA models were used to evaluate the effects of treatment on 

the population level outcomes of density, growth rate and survival rate between October 2012 

and March 2013. Initial fixed effects included food supplementation, trapping occasion, 

population density (not in the density response model), all interactions, and the intercept. 

Enclosure and enclosure × trapping occasion were included as random factors. Selection of 

repeated covariate type (unstructured, autoregressive (1), compound symmetry or Toeplitz) 

was based on AIC of the full model.  

 

Generalised mixed models were used to evaluate treatment effects on population sex ratio 

(the proportion of males; binomial distribution). Trapping week (continuous variable), food 

supplementation, density, and all interactions were included as initial fixed factors, and 

enclosure and trapping week as random factors. The individual and interactive effects of 

week, population density and food availability on individual level condition index were 

evaluated separately for males and females in random coefficient regression models. New 

voles (previously not encountered; predominantly juveniles that have left the natal nest since 

the last trapping occasion) were excluded from analyses. Enclosure, vole identity and week 

were set as random factors. Due to the infrequency and highly skewed treatment-wise 

distribution of pregnant and/or lactating females and new voles, statistical analysis was not 

possible and instead raw values are reported.  

 

Statistical analyses: post-B. bronchiseptica introduction.  

 

B. bronchiseptica infected voles were not encountered in two B+ enclosures at the end of the 

experiment (both F+B+). These enclosures were removed from analyses. All voles released 

into the enclosures as part of B. bronchiseptica introduction were also excluded. Following 

the introduction of B. bronchiseptica, effects of treatment on population density and growth 

rates were evaluated with repeated-measures mixed ANOVA models. Initial fixed effects 

included food supplementation, B. bronchiseptica introduction, trapping occasion, population 

density (not for the density outcome model), all interactions, and the intercept. Enclosure and 

enclosure × trapping occasion were entered as random factors. 

 

The effects of treatment on individual survival (binomial distribution) and population sex 

ratio were evaluated with generalised mixed models. Trapping occasion, population density, 

food supplementation, B. bronchiseptica introduction, and all their interactions were entered 

as initial fixed factors. Enclosure and the intercept were entered as random factors. Since vole 

sex was not recorded during the trapping occasion two weeks after B. bronchiseptica 

introduction, trapping occasion was omitted as an explanatory variable for the sex ratio 

model. Again the population proportions of reproducing females and new voles could not be 

analysed due to low prevalence and strong treatment bias. Raw values are presented for both 

outcomes.  

 

Effects of treatment on individual condition index were evaluated separately for males and 

females using the same method as before B. bronchiseptica introduction. B. bronchiseptica 

and all its interactions were also included as initial explanatory variables, and time was 

omitted. To increase statistical power, sexes were pooled for comparisons of individual level 
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haematological indices (blood albumin, total IgG, total leukocytes, neutrophils, lymphocytes, 

monocytes and the ratio of neutrophils to lymphocytes) before and after B. bronchiseptica 

introduction. The effects of week, population density, food supplementation, B. 

bronchiseptica introduction and all their interactions were analysed with random coefficient 

regression models. Enclosure and vole identity (and ELISA plate number for albumin and 

IgG models) were included as random factors. New voles were removed from analyses.  

 

To facilitate interpretation of interactions between density and week on the relative 

proportions of neutrophils and lymphocytes and their ratio, we first constructed mixed 

models with population density as a fixed explanatory factor and enclosure as a random 

factor. Residuals from these models were then used as response variables in mixed models 

with food supplementation, B. bronchiseptica introduction, week and their interactions as 

explanatory variables. Vole identity and enclosure were set as random factors.   

 

Due to extremely skewed infection prevalence data (all voles in  F+B+ populations were 

infected), B. bronchiseptica population prevalence (based on lung culture results) could not 

be compared between F+B+ and F−B+ treatment groups with parametric tests. Instead, raw 

values are reported and Fisher’s exact test was used to assess the degree of association 
between positive culture prevalence and treatment group. A generalised mixed model was 

used to compare the prevalence of individual pathological changes in the lungs (binomial 

distribution) of culture positive voles between F+B+ and F− B+ treatment groups. Treatment 

group, population density and their interaction were entered as fixed factors, and enclosure 

was set as a random factor.  

 

In all models (before and after B. bronchiseptica introduction), selection was based on step-

wise reduction, guided by AIC value and biological significance. Interaction terms were 

excluded if their removal did not increase AIC by > 2 units. Comparisons were made using 

the maximum likelihood (ML) method and final values obtained from the most parsimonious 

model with restricted maximum likelihood (REML), using Kenwood and Roger estimation. 

Data were analysed in SAS version 9.3 (SAS Institute Inc., Cary, NC). 

 

Results 

 

Pre-B. bronchiseptica introduction 

 

The effect of food supplementation on population density (Ffood×trapping occasion
3,28 = 6.80, P = 

0.001, Figure 1) and growth rates (Ffood×trapping occasion
3,28 = 4.02, P = 0.024, Figure 2) changed 

with time. All populations declined in size from October until January. However, an increase 

in growth rate from January to March in populations with food supplementation (F+) resulted 

in marginally higher densities (P = 0.069), as compared to no food supplementation (F−) 

populations. Population growth rate was negatively associated with vole population density 

(Fdensity
1,59 = 4.34, P = 0.041).  

 

Population survival rates varied with time (Ftrapping occasion
2,54 = 6.86, P = 0.002), but not in 

response to food supplementation or population density (Supplementary Table 1). Sex ratio 

(expressed as the proportion of males) did not change with time, food supplementation or 

density (Supplementary Table 1). Only nine pregnant or lactating voles were encountered 

from October to March, eight of which were from F+ populations. In January, six recently 

born voles were encountered, three from each treatment group. In March 33 new voles were 

recorded across nine enclosures. All were from F+ populations.  
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Male condition index was higher in F+ than F− populations (Ffood 
1,26 = 9.71, P = 0.004, 

Supplementary Tables 2 and 3). The effect of food supplementation on female condition 

index changed with time (Ffood×week
1,213 = 9.20, P = 0.003), such that from November until 

March, female condition index was higher in F+ than F− populations (Supplementary Table 

3).  

 

Post-B. bronchiseptica introduction 

 

Lung samples from 111 voles were cultured to determine B. bronchiseptica infection status 

(total numbers: 40 F+B−, 29 F+B+, 21 F−B+, 21 F−B−). One positive individual was 

detected in both F+B− and F−B− treatment groups. In B+ groups, prevalence was higher in 

F+B+ (29/29, 100 %) than in F−B+ (10/21, 48 %; enclosure prevalence 25-100%) treatment 

groups (Fischer’s exact test, two-sided P < 0.001).  

 

The effects of B. bronchiseptica introduction on population density changed with time 

(FBordetella×trapping occasion
2,28 = 3.66, P = 0.04, Figure 1). Densities declined considerably in 

F+B+ populations in the initial two-week period following B. bronchiseptica introduction, 

while densities in the other treatment group remained relatively stable. Food supplemented 

populations, especially those without B. bronchiseptica introduction, increased in size during 

the latter two weeks (Ffood×trapping occasion
2,28 = 3.77, P = 0.04, Figure 1). Higher population 

growth rates were observed in F+B− populations than in the other three treatment groups, and 

food supplementation similarly had an increasingly positive influence on population growth 

during the latter two weeks of the post-B. bronchiseptica introduction period, most 

pronouncedly in B– populations (Ffood×Bordetella
1,11 = 6.50, P = 0.03, Figure 3). Variation in 

population growth was not associated with density (Supplementary Table 1).  

 

Survival was higher in F+B− than in F+B+ populations (Ffood×Bordetella
1,113 = 4.52, P = 0.04, 

Figure 4), but was not associated with population density (Supplementary Table 1). Sex ratio 

did not vary with treatments or population density (Supplementary Table 1). Twenty-seven 

reproducing females were recorded at the end of the experiment (total numbers: 21 F+B−, 2 
F+B+, 1 F−B+, 3 F−B−), as well as 46 recently born voles (30 F+B−, 15 F+B+, 1 F−B+, 0 

F−B−). Both counts were clearly higher in F+ than in F− populations. The condition index of 

males was inversely related to population density in B+ enclosures, and positively in B− 
enclosures; female condition index was higher in F+ than F− populations (Supplementary 

Tables 2 and 3).   

 

The organs of 107 voles were assessed histologically for pathological changes. The lungs of a 

large proportion of voles exhibited a variable amount of bronchus associated lymphatic tissue 

(BALT), represented by focal and/or circular perivascular and bronchial lymphocyte 

accumulations. BALT was present in 27/66 (40.9 %) B– lungs and 21/41 (51.2 %) B+ lungs. 

BALT was the only pathological finding in all but two B– voles. In the latter, multiple 

metazoan parasite eggs (possibly cestodes) with surrounding mild mononuclear infiltration 

and mild alveolar protozoal infestation with mild macrophage infiltration were respectively 

recorded. Only two B+ positive lungs showed no histological changes (2/41, 4.9 %; this 

included the positive animal from F+B−), and in 10 B+ lungs (10/41, 24.4 %; including the 

positive animal from F−B−) BALT formation was the only finding.  

 

Active inflammatory processes were more common in the lungs of culture positive voles 

from F+B+ (25/29, 86.2 %) populations than from F−B+ (2/10, 20 %) populations (F group 
1,31 
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= 5.51, P = 0.025). These were represented by focal to multifocal and coalescing 

pyogranulomatous (comprised of macrophages and fewer neutrophils) or suppurative (almost 

exclusively comprised of neutrophils) pneumonia that in most cases affected at least one 

entire lobe. The infiltrates were in some cases associated with chronic changes, such as mild 

interstitial fibrosis and/or some degree of type II pneumocyte hyperplasia, suggesting 

previous alveolar damage. No density effect on active inflammatory processes was identified 

(Fdensity 
1,31 = 0.16, P = 0.69). In 15 of the 41 B. bronchiseptica positive lungs (36.6%), a 

variable number of apicomplexan protozoan cysts were observed within macrophages or cell 

free. These were morphologically consistent with the protozoan Hepatozoon erhardovae [35] 

and were always found within active inflammatory infiltrates. Protozoan parasites were found 

in only one B– lung sample, and this vole was from a B+ enclosure.  

  

Hematological indices: pre- and post-B. bronchiseptica introduction 

 

Plasma albumin levels did not show any variation in response to treatments, population 

density or time (Supplementary Table 2). Total IgG levels increased in F− populations, and 

decreased in F+ populations when comparing before and after B. bronchiseptica introduction 

(Ffood×week
1,107 = 7.01, P = 0.009), and were negatively associated with population density 

(Fdensity
1,34 = 6.14, P = 0.018, Supplementary Tables 2 and 3).  

 

Total leukocyte levels decreased over time (Fweek
1,120 = 21.75, P < 0.001), but were 

consistently higher in F+ than in F− populations (Ffood 
1,13 = 6.51, P = 0.024, Figure 5a). 

Monocyte numbers did not change with time (Supplementary Tables 2 and 3), and were 

similarly higher in F+ than in F− populations (Ffood 
1,129 = 6.36, P = 0.012).  Neutrophil levels 

increased in B+ populations after B. bronchiseptica introduction (Figure 5b), but remained 

relatively constant in B− populations (Fweek×Bordetella
1,158 = 3.84, P = 0.052). Conversely, 

lymphocyte levels decreased in B+ populations, while remaining constant in B− populations 

(Fweek×Bordetella
1,158 = 4.35, P = 0.039). As such, the neutrophil/lymphocyte ratio was similar 

between treatment groups pre-B. bronchiseptica introduction, but approached higher levels in 

B+ than in B− populations post-introduction (Fweek×Bordetella
1,120 = 3.22, P = 0.075; 

Supplementary Tables 2 and 3). 

 

Discussion 

 

Contrary to our expectations, both B. bronchiseptica infection prevalence and pathological 

effects associated with infection were more pronounced in vole populations that received 

food supplementation than those that didn’t. Voles from food supplemented populations 

displayed lower survival and these effects translated into a reduction in population density 

and growth. Interestingly, B. bronchiseptica infections were often associated with pulmonary 

protozoan (Hepatozoon erhardovae) infection, which potentially contributed to the disease 

severity. Together these findings provide rare depth into disease processes, and an interesting 

picture of individual-level interactions and mechanisms leading to population limitation. 

 

Prior to the introduction of B. bronchiseptica, vole populations that received food 

supplementation displayed faster growth rates and attained larger population size than 

populations without food supplementation. This is consistent with previous research, which 

has identified winter food resources as an important limiting factor of folivorous vole 

populations in boreal Europe [19, 20, 35, 36]. Mortality rates did not differ between food 

supplemented and non-supplemented populations, indicating that natural food resources were 

sufficient for vole survival. However, voles from food supplemented populations displayed 



 

 11 

consistently higher average body condition, which implies that they were able to allocate 

resources to reproduction. In line with our findings, voles in best condition have been 

previously found to initiate seasonal reproduction [25], while high quality resources can 

accelerate the onset of spring breeding [37, 38].  

 

Food supplementation failed to alleviate the negative effects of B. bronchiseptica on vole 

population growth. Only populations with food supplementation in the absence of B. 

bronchiseptica exhibited consistent positive population growth in late winter. Populations 

without food supplementation, and food supplemented populations with B. bronchiseptica 

introduced, declined in size. These results provide experimental evidence for the ability of a 

pathogen, B. bronchiseptica, to limit vole population growth, as previously suggested [14, 

17]; surpassing the limiting effects of winter food depletion. It is worth noting that these 

effects were not associated with vole population density, and B. bronchiseptica infection 

alone is therefore unlikely to lead to the cyclic regulation of vole populations.  

 

Four weeks post-introduction, B. bronchiseptica infection had become more prevalent in food 

supplemented populations than non-supplemented populations. It is highly likely that 

aggregation of voles around the feeding stations, or even direct oral contact with the feeding 

apparatuses, increased transmission of bacteria - analogously to disease transmission 

associated with backyard bird feeding stations [39, 40] and other forms of wildlife food 

provisioning [41]. Similarly, more frequent bacteria re-exposure in the food supplemented 

populations probably caused higher bacterial burdens and the more severe pathological 

effects. It remains plausible that at certain times voles will naturally congregate in ways that 

promote the effects seen here. Voles, like many other small mammal species, exhibit seasonal 

aggregation or communal nesting to attain e.g. thermoregulatory or dietary benefits [42-44].  

 

In laboratory rodents, B. bronchiseptica pathogenicity has been associated with co-infection 

by other parasites [45], which suggests that a relatively severe stress on the immune system is 

required for the development of clinical B. bronchiseptica-induced disease. In the current 

study, B. bronchiseptica infected lungs often showed co-infection with protozoa that were 

morphologically consistent with Hepatozoon erhardovae. This parasite is found widely in 

bank voles in northern Europe, but only rarely in field voles [35]. Consistent with previous 

research [46], this finding demonstrates that one parasite can greatly affect the presence of 

another within a host. Interestingly, H. erhardovae was previously identified in vole lungs 

without significant associated inflammation [35], while we observed the parasites in the 

majority of cases in association with active inflammatory processes. These findings suggest 

that B. bronchiseptica infection induced inflammatory processes in the vole lungs and 

thereby rendered them more prone to protozoan infection and further damage.  

 

Prior to the introduction of B. bronchiseptica, haematological indices indicative of chronic 

immune stimulation (leukocytes and monocytes) were elevated in food supplemented 

populations. This may be due to infection by unknown parasites [21], possibly also related to 

congregation at feeding stations. Nevertheless, voles in food supplemented populations 

generally displayed better body condition than voles in non-supplemented populations prior 

to B. bronchiseptica introduction. This indicates that the ability to mount an immune 

response against infection may be enhanced by the availability of resources, in line with 

research that has demonstrated higher disease associated mortality in resource-limited 

populations [7, 47]. We found that although non-specific inflammatory cell recruitment 

occurred following the introduction of B. bronchiseptica (increase in neutrophils and 

decrease in lymphocytes); its magnitude was not influenced by resource levels.  
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Infectious agents are an intriguing force in population ecology. Epizootic outbreaks clearly 

demonstrate the ability of pathogens to decrease the growth of host populations, and are 

especially pertinent to vulnerable species [48]. Meanwhile, recent investigations show that 

pathogen effects on wildlife populations may be more pervasive and subtle than traditionally 

believed [49], and provide an exciting focus for future research. The ability of anthropogenic 

environmental changes to influence wildlife-pathogen dynamics are increasingly recognised 

[41], and here we provide experimental evidence that the provision of food resources can 

alter infectious disease processes in vole populations. We demonstrate the complexity of 

interactions leading to population-level effects and the utility of multidisciplinary biological 

research for their detection. 
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Figure and table captions 
 

Figure 1. Population density before and after B. bronchiseptica  introduction (ls means).The 

dotted line in March represents the point when the lowest density populations were removed 

(hence the increase in average abundance) and B. bronchiseptica  was introduced to establish 

a two-factor experiment design with four treatment groups.  
 

Figure 2. Population growth rates before B. bronchiseptica introduction (ls means ± 1 s.e.). 

Black symbols denote high food availability populations (F+), and grey symbols (F−) denote 
low food availability populations. 

 

Figure 3. Population growth rates after B. bronchiseptica introduction (ls means ± 1 s.e.). 

Black symbols denote high food availability, and squares represent treatment groups with B. 

bronchiseptica introduced. Different letters above error bars show a statistically significant 

difference between treatment groups. 

 

Figure 4. Proportion of voles that survived from immediately prior to B. bronchiseptica 

introduction until the experiment termination one month later (ls means ± 1 s.e.). Black 
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symbols denote high food availability, and squares represent treatment groups with B. 

bronchiseptica introduced. Different letters above error bars show a statistically significant 

difference between treatment groups. 

 

Figure 5. a) Total leukocyte levels in relation to food supplementation, before and after B. 

bronchiseptica introduction (ls means ± 1 s.e.). b) Neutrophil levels, before and after B. 

bronchiseptica introduction (ls means ± 1 s.e.). 

 


