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Abstract. Little is known about the long-term persistence of specific antibodies (Ab) in
natural host–parasite systems despite its potential epidemiological and ecological importance.
In long-lived species, knowledge of the dynamics of individual immunological profiles can be
important not only for interpreting serology results, but also for assessing transmission
dynamics and the potential selective pressure acting on parasites. The aim of this paper was to
investigate temporal variation in levels of specific Ab against the bacterium Borrelia
burgdorferi sensu lato in adults of a long-lived colonial seabird, the Black-legged Kittiwake
Rissa tridactyla. In wild populations, adults are naturally exposed each breeding season to a
Borrelia vector, the tick Ixodes uriae. Breeding birds were captured during four consecutive
breeding seasons and parasite infestation quantified. Using enzyme-linked immunosorbent
assay (ELISA) and immunoblots, we found that the immunological profiles of anti-Borrelia
Ab were highly repeatable among years, reflecting the interannual persistence of Ab levels. We
nevertheless also observed that year-to-year changes of Ab levels were related to exposure to
ticks in the previous year. The long-term persistence of Ab levels may be an important
mechanism of individual protection against future exposure to the microparasite. It will also
affect the availability of susceptible hosts, and thus the transmission dynamics of the
bacterium. These results illustrate the need to consider the dynamics of the immune response
in order to better understand the evolutionary ecology of host–parasite interactions in natural
populations.
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INTRODUCTION

The quantification of immunocompetence has attract-

ed much attention in the context of sexual selection and

life history trade-offs (Sheldon and Verhulst 1996,

Norris and Evans 2000), but common approaches using

exposure to artificial antigens have been criticized

because they do not address how the immune response

would have affected the outcome of natural host–

parasite interactions (Hudson et al. 2002, Staszewski

and Boulinier 2004, Viney et al. 2005). In particular, the

protective role of antibodies (Ab) against specific

natural parasites is rarely considered, nor the temporal

dynamics of Ab under natural parasite exposure. For

the most part, knowledge of immunological profiles

during infection come from studies of human or model

laboratory animals (Frank 2002). Very little is known

about the dynamics of the immune response in natural

populations of wild vertebrates, even when it concerns

human pathogens of major epidemiological and ecolog-

ical importance (Grenfell and Dobson 1995, Bunikis et

al. 2004, Gibbs et al. 2005).

Because the risk of parasite exposure often follows a

seasonal cycle (Altizer et al. 2006) and can vary

geographically, the persistence of Ab levels could be a

mechanism by which hosts rapidly and efficiently

combat a predictable re-exposure to a pathogen. In the

case of migratory species that are relatively faithful to

their breeding site, individual immunity at an interan-

nual scale could be particularly important with regard to

life history decisions such as where and when to breed

(Boulinier et al. 2001), but also to understand the

propagation of parasites at different spatial scales

(Comstedt et al. 2006). The profile of circulating Ab at

the time of breeding also will directly affect the maternal

transmission of Ab to offspring, which could procure

passive protection to young against local parasites

(Gasparini et al. 2001, Grindstaff et al. 2003) and affect

the rate at which susceptible hosts enter the population

(Frank 2002).

Colonial breeding bird species provide ideal models to

investigate the interannual dynamics of immunological
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profiles as they are often exposed to high densities of

nest parasites and individual birds can be readily

recaptured during successive breeding attempts (e.g.,

Boulinier et al. 1997). Because exposure to nest parasites

is likely to occur mainly after egg laying, the persistence

of antibodies targeted against nest parasites or the

microparasites they vector and acquired during a

previous breeding season might be necessary for the

transfer of an adequate amount of Ab to the chicks of

these species (Fig. 1). Long-term persistence of specific

IgY (the avian equivalent of IgG in mammals) can thus

be expected and might be due to antigen-dependent or

antigen-independent mechanisms (Gatto et al. 2006).

The three-level host–parasite system constituted by

seabirds, the tick Ixodes uriae, and Lyme disease

bacterium Borrelia burgdorferi sensu lato, is especially

FIG 1. Time frame of the interaction between the parasite and the host immune system for the Black-legged Kittiwake Rissa
tridactyla. (a) Black circles represent the percentage of nests with a brooding individual among nests where at least one egg will be
laid during the season, and gray circles represent the percentage of nests with a first egg laid (data are from 2005, but the same
pattern is observed every year). Julian day 1 is 1 January. Here, brooding means sitting on a nest. Adult birds were captured during
incubation. (b) Because maternal exposure to nest parasites (general pattern indicated by solid arrows) is probably negligible before
egg laying, the transfer of maternal antibodies (Ab) to the eggs occurs before peak exposure to nest parasites. The immunological
memory targeted against nest parasites and acquired during incubation and chick rearing in one breeding season may therefore be
key for the transfer of adequate Ab to the chicks in the subsequent season. At the left, the gray boxes and dotted arrow indicate
potential, but rare, exposure to parasites for birds that begin nest construction ahead of the main period.
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suitable to address these issues because immunological

tools are available to track specific anti-Borrelia Ab
(Connolly and Benach 2005). Lyme borreliosis is the

most common vector-borne zoonosis in temperate
regions of the Northern Hemisphere and the presence

of its agent in seabird populations has been shown in
both hemispheres (Olsen et al. 1995). The investigation
of Ab dynamics in seabirds therefore may also shed

some light on how this bacterium is maintained and
spread in this marine enzootic cycle.

The aim of this paper was thus to investigate
interannual variation in the level of specific Ab against

a naturally prevalent microparasite in adults of a long-
lived colonial seabird, the Black-legged Kittiwake Rissa

tridactyla. We investigated the persistence of anti-
Borrelia Ab by examining the level of plasma Ab in

breeding kittiwakes captured over four successive years.
Because exposure to the tick vector is temporally

autocorrelated at a given breeding site (McCoy et al.
1999, Gasparini et al. 2001) and because kittiwakes are

relatively faithful to their nests from one season to the
next (Boulinier et al. 2001), we expected exposure to

Borrelia, and consequently IgY Ab levels, to be
correlated between years. To test this prediction, we

investigated the repeatability of individual anti-Borrelia
Ab profiles using immunological assays (enzyme-linked
immunosorbent assay [ELISA] and immunoblots). We

also examined whether year-to-year changes in Ab levels
were related to past or current exposure to the tick

vector. We discuss our results with respect to their
consequences for the ecological dynamics of host–

parasite interactions along with their possible epidemi-
ological implications.

METHODS

Study area and biological model

Fieldwork was conducted over four breeding seasons
(2003–2006) on Hornøya, an island in northern Norway

(708220 N, 318100 E) where more than 10 000 pairs of
kittiwakes breed (Anker-Nilssen et al. 2000). Kittiwakes,
like many colonial seabirds, are long-lived and show

strong interannual breeding site fidelity (Boulinier et al.
2001). This can result in the repeated exposure of

individuals over the course of their lifetime to parasites
present in the breeding area, such as nest-dwelling

ectoparasites and the microparasites they vector (Gas-
parini et al. 2001). Indeed, it has previously been found

that kittiwake exposure to ectoparasites, such as the tick
Ixodes uriae, is repeatable between breeding seasons and

is spatially structured within and among colonies
(McCoy et al. 1999, Gasparini et al. 2001).

The tick Ixodes uriae parasitizes several seabird
species and has a life cycle lasting 2–4 years, depending

on host phenology and local climatic conditions (Barton
et al. 1996). This tick has been shown to vector several

microparasites, including the bacterium responsible for
Lyme borreliosis, Borrelia burgdorferi sensu lato (Olsen

et al. 1995). This tick takes its annual blood meal on the

bird for a continuous period of 3–12 days depending on

the life stage (Barton et al. 1996, McCoy et al. 2002).

Outside the breeding season, the birds are at sea. During

this time, ticks live in the cracks of the cliff surrounding

the empty breeding nests. Local levels of infestation in

the breeding areas can be assessed by counting ticks on

nestlings.

Blood sampling and tick infestation levels

Breeding birds were caught on their nests in a series of

subcolonies during the incubation period, late May to

mid June (Fig. 1). At first capture, individuals were

ringed with a metal ring and a combination of five color

rings that allowed us to identify birds from a distance

before recapture in subsequent years. At each capture, a

blood sample of 0.5 mL was taken from the left ulnar

vein using a sterile syringe rinsed with heparin. Blood

samples were stored in 1.5-mL tubes and kept cool until

centrifugation a few hours later. Plasma samples were

separated and kept frozen at�208C until immunological

assays. For this study, we captured 56 breeding birds in

2003, 102 in 2004, 86 in 2005, and 57 in 2006. The

number of birds recaptured from previous year was 13 in

2004, 20 in 2005, and 19 in 2006. Except in Fig. 3, only

birds captured at least twice (i.e., in a minimum of two

consecutive years) are taken into account in the

analyses.

On Hornøya, ticks are difficult to find on adults

during incubation, so the number of ticks feeding on

chicks is used as an index of local infestation (Gasparini

et al. 2001). To assess the local level of infestation by the

tick, the number of feeding ticks was counted by a

thorough examination, consisting of a visual inspection

while palpating the skin (McCoy et al. 2002). Because

some nests encountered reproductive failures before

infestation levels could be quantified, we used the mean

number of ticks per chick in the five closest nests as an

index of local exposure, as spatial autocorrelation of

parasite exposure has previously been found in this

system (McCoy et al. 1999, Gasparini et al. 2001).

Immunological assays

Anti-Borrelia Ab titers in the plasma were determined

using a blocking enzyme-linked immunosorbent assay

(Enzygnost Borreliosis ELISA Kit, Dabe Behring,

Marburg, Germany). Because this kit was manufactured

for human use and was designed to recognize mamma-

lian Ab, we replaced the anti-IgG Ab of the kit by an

anti-chicken IgY Ab (Sigma A-9046 Ab, Sigma-Aldrich,

St. Louis, Missouri, USA). Anti-Borrelia Ab levels are

expressed as the optical density (OD) of the resulting

solution (wavelength of 492 nm in a spectrophotometer).

The OD provides us with a relative measure of specific

Ab concentration in the plasma samples. The repeat-

ability of measurements on the same sample from two

different ELISA-plates was high (96.8%, F17,18 ¼ 84.4).

We used immunoblots (Western blots) to confirm that

high OD values meant that the individuals had been
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exposed to antigens of Borrelia burgdorferi sensu lato

(Wilske 2003). The immunoblots also enabled us to

characterize the immunological profile of the Borrelia

antigens against which Ab were produced (Hauser et al.

1998, Pachner et al. 2002) and, consequently, to

investigate the repeatability of banding patterns between

years (10 seropositive individuals sampled in 2005 and

2006). The immunoblot assays were performed using a

commercial kit (Western Blot Lyme IgG þ VlsE,

Meridian Bioscience Europe, Nice, France). These tests

were based on the detection of Ab against the following

Borrelia antigens: p14, p17, 22kD OspC, p30, p39, p 43,

p58, p100, B. garinii OspC, B. burgdorferi s.l. VlsE (Fig.

2). As this kit was also manufactured for human use, we

replaced the anti-IgG of the kit by anti-chicken IgY Ab

conjugated with alkaline phosphatase (Sigma-Aldrich,

St. Louis, Missouri, USA). Plasma samples were used at

a dilution of 1:100 and were incubated for 45 minutes at

room temperature. We analyzed the gels using the public

domain ImageJ image program (U.S. National Institutes

of Health; available online).6

Statistical analyses

To investigate the effect of year, capture date, and

subcolony on Ab levels, we used a mixed model (SAS

Proc Mixed; SAS Institute 1999) with three fixed factors

(year, capture date, and subcolony) and an individual

random effect to account for repeated measures on the

same birds in consecutive years. To test for an overall

effect of tick exposure on the between-year change of

individual Ab levels, we compared the mean yearly

change in Ab levels to the mean tick infestation level the

year before (n ¼ 3 years). To further investigate the

factors affecting the interannual variation of anti-

Borrelia Ab, we used individual Ab levels in year t

(2004–2006) as a dependent variable and, as fixed

effects, the year of recapture, as well as local infestation

levels in year t, local infestation levels in year t � 1

(2003–2005), and the individual Ab levels in year t � 1

(and their interactions, which were removed if not

significant). For the six individuals captured in more

than two consecutive years, we kept only the first two

capture events.

To determine the repeatability of banding patterns

obtained with the immunoblots strips, we used similarity

coefficients. Because the absence of bands should not

contribute to similarity in the Ab profiles, we used

coefficients that exclude negative co-occurrences from

the similarity measure (Fromin et al. 2002). The Jaccard

coefficient and Sorensen-Dice coefficient were used for

the presence–absence analysis and the Steinhaus coeffi-

cient was used to take into consideration the intensity of

each band. We determined the repeatability of profiles

by comparing the mean similarity coefficient for

individuals between the two years with the average

pairwise similarity of all potential profile pairs. All

computations were performed with R and SAS (R

Development Core Team 2005; SAS Institute 1999).

RESULTS

Mean Ab levels of recaptured birds varied among

years and individuals (year F3,55¼ 9.80, P , 0.0001; OD

¼ 0.23 6 0.05 [individual b 6 SE], P , 0.0001; Fig. 3).

There was no effect of capture date (after accounting for

a subcolony effect) on mean Ab level (capture date F1,57

¼ 1.30, P ¼ 0.25; subcolony F11,57 ¼ 4.04, P ¼ 0.0002).

Overall changes in mean Ab levels were correlated with

tick prevalence in the previous year; a heavy tick

infestation the year before was associated with a mean

increase in Ab level (Fig. 4). As predicted, there was a

significant effect of the individual Ab level in year t� 1

(2003–2005) (Fig. 5a; OD¼ 0.72 6 0.048 [b 6 SE], n ¼
47, P , 0.0001), of local exposure to ticks in year t� 1

(2003–2005) (Fig. 5b; OD¼0.04 6 0.01 [b 6 SE], n¼47,

P¼ 0.0006), and of year (F2,42¼ 4.79, P¼ 0.013) on the

individual Ab level in year t (2004–2006). Interestingly,

the effect of local exposure to ticks in year t was not

significant (OD¼�0.0014 6 0.0014 [b 6 SE], n¼41, P¼
0.33). The slope of the relationship between individual

Ab levels in year t and parasite exposure in year t � 1

were not significantly different among years (F2,40 ¼
2.59, P ¼ 0.087). This may be due to low infestation

levels in 2004 and 2005 (Fig. 5b).

The immunological profiles of individuals were highly

repeatable, as indicated by the comparison of immuno-

blot banding patterns for the same individuals in 2005

and 2006 (Fig. 2). The repeatability was high both in

terms of presence–absence (comparison of similarity

index with average similarity index: n¼ 10 pairs; Mann-

Whitney U test: Sorensen-Dice Pr . Z¼ 0.0047, Jaccard

Pr . Z ¼ 0.0047) and in terms of band intensity

(Steinhaus coefficient Pr . Z ¼ 0.0016). The most

prevalent immunoblot bands corresponded to highly

specific antigens of Borrelia burgdorferi s.l.: p58, B.

garinii OspC and p39 (Hauser et al. 1998). The

comparison of the immunoblots with Ab levels showed

that individuals with high OD values for the ELISA

(.0.62) had IgY Ab against at least three of the

diagnostic Borrelia antigens, the criterion for positive

diagnosis in humans (Wilske 2003).

DISCUSSION

In spite of the numerous ecological and epidemiolog-

ical studies of host–parasite interactions, long-term

investigations of the dynamics of immunity in natural

populations are still scarce (Grenfell and Dobson 1995,

Mills et al. 1999, Bunikis et al. 2004). In most studies

involving the quantification of circulating Ab in natural

systems, the dynamics of Ab levels among years is not

explored (Hudson et al. 2002), although the occurrence

of a long-term persistence of antibodies after controlled

antigen exposure is well known (for a review, see Gatto

et al. 2006). Knowledge about the interannual dynamics6 hhttp://rsb.info.nih.gov/ij/i
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FIG. 3. Anti-Borrelia antibody levels expressed as optical density (OD), by year. All captured individual kittiwakes are shown;
different line types connect two consecutive values for one individual. Optical density was calculated as log10(1/transmittance) at
492 nm in a spectrophotometer; low OD values indicate low antibody titer. Optical density values multiplied by 10 give
transmission loss in decibels; e.g., an OD value of 0.5 is 5 dB.

FIG. 2. Immunoblot analyses of antibodies to Borrelia burgdorferi sensu lato antigens in plasma sampled from birds captured in
2005 and recaptured in 2006. Serum from a human patient with Lyme borreliosis was used as a positive control. The location of the
selected B. burgdorferi s.l. antigens (B. gariniiOspC, B. b. VlsE, p58, p43, p39, p30, 22Kd OspC, p17, p14) was determined using the
positive control and banding map provided with the kit (Western Blot Lyme IgG þ VlsE, Meridian Bioscience Europe, Nice,
France).
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of immunity is nevertheless required to understand the

strategies followed by long-lived species and because

host immunity can affect the spatial and temporal

dynamics of disease agents in natural populations.

Studies of natural populations suggest potential differ-

ences in the serological dynamics of species with

different life spans (long- vs. short-lived) and among

different host–parasite systems, but few data are

currently available, and most studies involve mammals.

For example, Feuer et al. (1999) observed a good

repeatability of anti-Sin Nombre Virus levels in deer

mice when individuals were recaptured at a one-month

interval. The maintenance of antibodies for the expected

life span (approximately one year) of rodents has been

observed for specific anti-Hantavirus Ab (Mills et al.

1999, Kuenzi et al. 2005) and for anti-Borrelia Ab

(Hofmeister et al. 1999, Bunkis et al. 2004). Although

studies of longer-lived species also tend to show

relatively high repeatabilities in specific Ab levels, some

variation exists. Seventeen percent of rabbits infected by

rabbit hemorrhagic disease virus revealed declining titers

over a three-year period (Henning et al. 2006).

Semidomesticated reindeer also showed relatively high

individual repeatabilities in specific Ab levels after

repeated exposures to warble flies (Asbakk et al. 2005),

but the persistence of Ab levels declined in older

animals. In contrast, a survey of macaque populations

naturally infected by West Nile virus illustrated high

individual variation in Ab persistence, ranging from

complete stability to major interseasonal variation

(Hukkanen et al. 2006). In the present study, we found

that the immunological profiles of individual birds were

highly repeatable between years for specific anti-Borrelia

Ab, but that when changes in Ab levels occurred

between years, they tended to be linked to exposure to

the ectoparasite vector the year before.

In the considered system, where birds are only

exposed to the Borrelia vector during the breeding

season (Fig. 1), there are two main hypotheses that may

explain the interannual repeatability of Ab levels. First,

there may be a persistence of Ab levels independent of

external antigen exposure (i.e., without actual re-

exposure to Borrelia burgdorferi sensu lato). In this

case, the maintenance of high levels of anti-Borrelia Ab

could be due either to antigen-independent activation of

memory B cells (Bernasconi et al. 2002) or to antigen

persistence (persistent infections and/or immune com-

plexes). Whether persisting ‘‘internal’’ antigens are

required to maintain serological memory remains

debated (Zinkernagel and Hengartner 2006). In the case

of B. burgdorferi s.l., all of these mechanisms could be

involved. There appears to be a general agreement that

the spirochete can persist in humans and laboratory

animals for months or years in refuge niches like the

spleen or joints (Straubinger et al. 1997). Studies

investigating the reservoir competence of B. burgdorferi

s.l. in bird species have reported the persistence of

bacteria for several months (Isogai et al. 1994, Olsen et

al. 1996) and the reactivation of bacteremia under

stressful conditions (experimentally induced migratory

restlessness) after months of latent infection (Gylfe et al.

2000). Likewise, in humans and laboratory animals,

FIG. 4. Relationship between the mean interannual change in Ab levels (measured as the difference in OD between years) and
mean infestation levels by ticks in the previous year (for all chicks measured in the year). Each point represents the mean 6 SE for a
year (2004–2006).
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after antibiotic treatment that presumably cleared B.

burgdorferi s.l. from the organism, anti-Borrelia specific

Ab have been observed to persist for more than 400 days

(Straubinger et al. 1997, Glatz et al. 2006).

The second nonexclusive hypothesis to explain the

high repeatability of individual Ab levels between years

is a repeated exposure to B. burgdorferi s.l. The

probability of exposure to the bacterium is directly

linked to the local abundance of its vector, the tick I.

uriae, which is autocorrelated between years (McCoy et

al. 1999, Gasparini et al. 2001), and to the prevalence of

B. burgdorferi s.l. in the ticks. In accordance with this

hypothesis, we found that changes in individual Ab

levels were correlated with tick infestation levels in the

previous year; after a year of high overall tick infestation

there was an increase in individual Ab levels (Fig. 4). If

the maintenance of Ab levels observed between years t�
1 and t was due to early re-exposure in year t, we would

have expected a relationship between Ab levels and

current tick exposure (in year t). Given the life history of

the tick and of its seabird host, and the interannual

patterns of change in Ab levels that we recorded, it is

likely that both a long-term persistence of Ab and an

effect of re-exposure to the parasites are important for

explaining the interannual dynamics of the immune

response (Fig. 1).

In rodents naturally exposed to B. burgdorferi s.l.,

Bunikis et al. (2004) found a high number of persistently

seropositive individuals over 80 days, but in this case, as

in ours, they could not make any conclusions about the

putative causal link between natural exposure to the

bacterium and patterns of change in Ab levels.

Experimental manipulations of parasite exposure are

thus required to explore how important annual reinfec-

tion is for the maintenance of high Ab levels. In our

system, the manipulation of tick burdens (treatment of

the nests with acaricides such as pyrethrynoids) and/or

Borrelia infection (antibiotic treatment) could be used to

investigate the consequences of parasite exposure on Ab

persistence over time. If specific Ab levels decrease

between years in the deparasitized group compared to

controls, an impact of seasonal re-exposure to nest

parasites on the repeatability of specific Ab levels would

be supported. Similarly, the comparison of ectoparasite-

free and antibiotic-treated groups could help us disen-

tangle the influence of persistent infection, annual re-

exposure via Borrelia vectors, and Ag-independent

maintenance factors on individual Ab levels. Clearly,

the investigation of the proximal mechanisms involved

in observed Ab persistence, although difficult to carry

out in natural conditions, could open several new and

exciting perspectives in immunoecology.

To investigate the dynamics of the immune response

in more detail, we analyzed the similarity of immuno-

logical profiles using immunoblots in addition to

measuring specific Ab levels. We observed a high

repeatability in immunoblot banding patterns between

the two years considered (2005–2006). These patterns

can differ according to B. burgdorferi strains (Wilske

2003) and the immunogenetic characteristics of host

individuals (Brown and Reiner 2000). The Ab repertoire

has even been shown to vary during the course of

infection, because antigen expression by the spirochete

changes over time (Pachner et al. 2002, Bykowski et al.

2006). Interestingly, we did not observe variation in Ab

repertoires at an interannual scale. The repeatability of

immunoblot banding patterns suggests that the spec-

trum of B. burgdorferi s.l. proteins to which the

individuals respond are constant between years, possibly

because they are re-exposed to the same strains of B.

burgdorferi s.l. or because the maintenance of Ab levels

is linked to the persistence of the same repertoire of B-

cells. Another possibility is that the sampled birds might

also have reached a plateau in terms of their immuno-

logical profile; immunoblot patterns might only vary

during the initial months of infection and the birds

considered here were all at least three years old. The

capture of young prospecting birds when they first

return to the colonies at 2–3 years of age and some

knowledge about their exposure to ticks/Borrelia when

they were chicks would shed some light on to how

FIG. 5. Relationship between anti-Borrelia Ab levels in year
t and (a) anti-Borrelia Ab levels in year t� 1 and (b) mean local
infestation by ticks in year t� 1. Local infestation is measured
in the five closest nests. In this graph, Ab levels in year t are
corrected for other factors in the model (partial residuals of the
model described in Methods: Statistical analyses).
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profiles change after first exposure. The further use of

molecular techniques to determine the variability in the

B. burgdorferi s.l. strains present in this system (K. D.

McCoy, unpublished data) and long-term studies using

kittiwakes or other avian species infected with different

bacterial strains could also help us to determine the

expected range of immunological responses.

The long-term dynamics of Ab levels could have

important fitness consequences for colonial seabirds.

The maintenance of Ab levels might confer an advan-

tage in terms of immune response efficiency when re-

exposed to nest parasites during subsequent breeding

attempts. In an environment where parasites are

heterogeneously distributed in space but autocorrelated

in time, the costs and benefits of breeding site fidelity

could thus be strongly affected by the immunological

profile of individuals. Moreover, the long-term persis-

tence of Ab may enable a female to transfer an adequate

repertoire of Ab to her young despite physiological and

ecological constraints, with adult exposure to nest

parasites most likely occurring during egg incubation,

after Ab transfer (Gasparini et al. 2001) (Fig. 1). Indeed,

such a mechanism may allow females to use their past

experience to prepare their young for the conditions of

the local environment. Even though this pattern could

simply be a by-product of maternal exposure to

parasites and the tendency for mothers to transfer Ab

as a function of circulating plasma levels, the transmis-

sion of maternal Ab could still confer passive protection

to the chick or attenuate first exposure to the pathogen

(Grindstaff et al. 2003). In the present study, we

examined the immune response to B. burgdorferi s.l.,

but these mechanisms are also likely to be involved in

the response against other parasites of nidicolous birds

like ticks, fleas, or mites (Boulinier et al. 1997, Heeb et

al. 1998) and their associated bacteria and viruses.

Our results on the long-term persistence of Ab also

have important implications for the epidemiology of

zoonotic diseases. In particular, host immunity can

affect the spatial and temporal dynamics of disease

agents by modifying the number of susceptible individ-

uals in a population. It can also be a key element used to

assess disease risk by tracking the exposure of individ-

uals to a pathogen. For example, the use of species as

disease ‘‘sentinels’’ requires meeting a series of prereq-

uisite conditions (Komar 2001). Notably, in the case of

long-lived wild species, baseline knowledge of the long-

term dynamics of Ab is critical as it will help to

determine the potential time frame of exposure to the

antigen. In this respect, our study shows that immunity

in kittiwakes, and possibly other seabirds, has the

advantage of being traceable over a series of years.

However, the long-term persistence of Ab to bacteria

like B. burgdorferi s.l. may limit the possibility of

identifying the time of exposure and thus the use of these

species as sentinels. More generally, our results highlight

the need for a better understanding of the factors

affecting the long-term immunological response of

individuals in natural conditions and its implications

for disease transmission. Further exploration of the links

between the dynamics of the host immune response and

the evolutionary ecology of host and parasite species

should thus be a priority in the growing field of

immunoecology.
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