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Prevalence and intensity of blood parasites  are known to vary in space within a same species, yet  the  causes  underlying  such  variation   are  poorly  known.  Theoretically, blood  parasites  variation   can  be  attributed to  differences  to  exposure  to  parasite vectors and/or  to differences in host susceptibility.  Here, we show that  prevalence of Haemoproteus columbae in feral pigeons Columba livia varied among  five near-by populations (range 15% – 100%), paralleled  by variation  in the abundance  of its main vector, the louse flies Pseudolynchia canariensis. Geographic  variation  in intensity  of blood  parasites  did not covary with abundance  of vectors. Within populations, older individuals  had a higher probability of being parasitized  than  younger ones, whereas younger  birds,  when infected,  suffered higher  intensities.  Furthermore, we found  no evidence  of  sex-related  differences  neither  in  prevalence  nor  in  intensity  of  blood parasite  infections.  To  demonstrate that  geographical   variation   in  prevalence  was actually  due to differences in vector exposure,  we conducted  two experiments  based on translocation of unparasitized pigeons  from  a vector-free  area  to  an  area  where both  the parasite  and  vector  were abundant. With  the first experiment,  we demon- strated  that unparasitized pigeons were not resistant  to the parasite because when transmission was  possible  pigeons  became  parasitized   in  a  few months.   With  the second experiment,  in which half of the pigeons  were prevented  from  contacts  with the  vector,  we ruled  out  the  posibility  that  pigeons  we considered  as unparasitized would  have  suffered  from  latent  infections.  Therefore,  both  observational and experimental evidence supports  the view that vector abundance  is the major factor influencing the spatial  variation  in prevalence  of H. columbae in pigeons.
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Parasites can negatively affect different fitness compo- nents  of  their  hosts  and,  hence,  they  may  potentially exert  important ecological  and  evolutionary  pressures on  hosts  (reviewed in Møller  1997). The  role  of para- sites  in  sexual  selection  has  received  special  attention ever since Hamilton and Zuk (1982) suggested the hypothesis    that    secondary    sexual   characters    have evolved  to  signal  heritable   resistance  to  parasites   in mate choice context. Subsequent  interspecific tests using blood  parasite  prevalence  have provided  both  support and conflicting evidence for the hypothesis. These dis- crepancies might in part  be due to the lack of attention that  has been paid to the parasites’ biology (Endler and

Lyles  1989,  Weatherhead  and   Bennett   1991,  1992). Tests of the Hamilton and Zuk (1982) hypothesis  using blood  parasites  assume  that  one  can  reliably  estimate the  parasite  prevalence  of each  host  species, and  that failure  to  detect  the  parasite   in  some  hosts  reflects resistance  and not differential  exposure to the parasite. Yet,  the  information concerning  within  species varia- tion in blood parasites  is currently  too limited to ensure that  these assumptions  are fulfilled (Merila¨  et al. 1995). Clearly,  we still need to  learn  much  more  about  para- sites before being able to conduct robust tests of hy- potheses concerning the ecological and evolutionary consequences  of host-parasite relationships.
Although  prevalence and intensity  of blood  parasites are known to vary both spatially and temporally (Weatherhead and  Bennett  1991, 1992, Bennett  et  al.
1995, Merila¨ et al. 1995, Bosch et al. 1997), very few studies have quantified the extent of this variation and, consequently,  its causes are not well understood. In this paper,  we consider  the geographic  variation  in haema- tozoan  parasites  in feral pigeons  Columba livia, Gmel. Haematozoan  parasites   are  obligate  parasites,   which use blood-sucking  Diptera  as vectors (Valkiunas  1996). For such vector-transmitted microparasites, variation  in prevalence  can arise both  from  factors  intrinsic  to  the hosts  (e.g.  genotype  resistance,  behaviour   or  state  of health) and from extrinsic factors,  such as differences in exposure  to  vectors  (van  Riper  et  al.  1986, Atkinson and  van  Riper   1991,  Holmstad  and  Skorping   1998, Wiehn et al. 1999). Parasitemia  can also be age or sex depended   (e.g.  Weatherhead  and  Bennett   1992,  Mc- Curdy  et  al.  1998),  so  these  factors  need  to  be  con- trolled  to avoid  bias in the results.
The  specific aims  of  our  study  were therefore  two- fold. We first analysed the geographic variation  in prevalence and intensity of blood parasites among five nearby  populations of feral pigeons.  Because consider- able variation  in prevalence was found,  we then studied the influence of intrinsic and extrinsic factors in deter- mining the spatial variation. To investigate whether geographical differences in prevalence were due to the degree of vector exposure,  rather  than  due to resistance to parasites,  we performed  a series of experiments based on translocation of pigeons  from  a vector-free  area  to an  area  where  vectors  were  abundant.  We  reasoned that,  if a low prevalence in a population was due to the scarcity of vectors, prevalence should increase when exposing individuals  to the vector.
Vertebrate host, haemoatozoa parasite and louse fly vector
Feral  pigeons stem from domesticated  rock doves that, after  intense  artificial  selection,  escaped  or  were  re- leased  and  established  themselves  in  rural  and  urban areas  (Johnston and  Janiga  1995). Pigeons  are  seden- tary  and  undertake foraging,  flight, breeding,  and roosting in flocks or aggregations of flocks. They are granivores and feed in the streets of cities or in fields surrounding cities and villages. Although  urban  pigeons habituate to people, rural  pigeons are as timid as other wild species of birds.  As a result  of artificial  selection, feral pigeons are able to reproduce almost continuously although   in  practice   most   individuals   stop   breeding during  the colder months.  Male pigeons defend a small nest-site territory  and participate  in nest building,  incu- bation  and feeding the nestlings. Nests are usually built in holes and they are often re-used in subsequent  breed- ing attemps.

All  haemoparasites  observed  in  the  blood  samples were identified as Haemoproteus columbae (Kruse; Api- complexa: Haematozoa) according  to the description  of the  macro  and  microgametocytes   reported  in  Bennett and Peirce (1990). Protozoa belonging to the genus Haemoproteus are primarily  parasites  of birds and have their sexual phases in insects other than mosquitoes (reviewed in Schmidt  and  Roberts  1989, Atkinson  and van   Riper   1991).  Haemoproteus   columbae,  the   type species  of  the  genus,  is  a  cosmopolitan  parasite   of pigeons.  After  21 – 32 d prepatent period  (Ahmed  and Mohammed  1977,  cited  in  Atkinson   and  van  Riper
1991), the asexual phase (merozoites)  enter erithrocytes to  become  pigmented   gametocytes   in  the  circulating blood. The pathogenesis  in pigeons seems to be slight, although  at present  it is not  well known  (see Atkinson and  van Riper  1991 and  references therein).
Hippoboscid flies (Diptera,  Hippoboscidae) are, at present,  the only known  vector of H. columbae in feral pigeons  (Bennett  and  Peirce  1990 and  references therein).  Bennett  and Peirce (1990) suggest that  cerato- pogonid  flies, a  group  of  vectors  of  Haemoproteus  in other  pigeon species, could also be a suitable  vector of H.  columbae. However,  ceratopogonid flies are  associ- ated with forest or humid zones rather  than urban  areas (Kettle 1982), and hence, it seems unlikely that they can act as vectors in our H. columbae -pigeon system. In the second experiment  (see below), we report  an additional argument  to support  this idea. Samples of flies were captured  and identified as pigeon flies Pseudolynchia canariensis according  to  Theodor  and  Oldroyd  (1964). The pigeon fly is a winged, blood-sucking  parasite common in pigeons throughout most of the warm, temperate   regions  of  the  world.  Louse  flies use  bird nests  for  reproducing   and,   perhaps   for  this  reason, often show a seasonal pattern of abundance  with a maximum  just  after  the  breeding  season  (but  see Fig.
1).
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Fig.  1.  Seasonal   variation   in  louse  fly  prevalence  in  adult pigeons  from  Barcelona  (empty  bars)  and  Moia`  (solid  bars). The  absence  of  bar   in  spring   and   summer   indicates   zero prevalence.  Sample  sizes were, from  spring  to  winter,  34, 29,
40  and  18  pigeons  for  Barcelona,   and  23,  30,  45  and  47 pigeons  for Moia` , respectively.
Table  1.  Characteristics of the five pigeon populations studied.
Population name 
Number  of 
Captured
Period  of captures 
Habitat type
	
	captures
	juveniles
	adults
	

	Agramunt
	1
	8
	9
	July
	rural

	Barcelona
	12
	38
	52
	March–July
	urban

	Granollers
	2
	26
	32
	April–June
	urban

	Moia`
	2
	2
	62
	February–March
	rural

	Olesa de Montserrat
	1
	17
	11
	July
	rural


Methods
We  sampled   free-ranging   pigeons  from  February to July 1998 in five areas  of Catalonia, NE  Spain.  These areas  are  representative   of  the  most  typical  habitats used  by  pigeons,   i.e.  urban   and   rural   habitats.  Al- though  the different  areas  were relatively close to each other (minimum and maximum distances between two populations were, respectively, 25 and 50 km), we are confident that pigeons from each area form true popu- lations (see Sol and Senar 1995). The period  of capture coincided  with  the period  in which adult  pigeons  tend to  be sexually active. One to  12 captures  were carried out in each population between 10.00 and 16.00 h using Yunik  traps.  Data   on  the  month  of  capture,   sample effort and type of habitat  in the five populations are reported  in  Table  1. In  Barcelona,  pigeons  were cap- tured  at  two sites; the zoological  garden  and  the cam- pus of the Univ. of Barcelona. Because enough data to provide  statistically  reliable results  were only available for three populations (see Table 1), within population analyses will be restricted  to these populations.
After capture,  pigeons were enclosed in a cage before being examined, which generally occurred immediately (delay of several hours in examining pigeons only oc- curred in the Agramunt sample). For each pigeon, we recorded  age, sex and  intensity  of blood  parasites,  and number  of louse flies. Age was assessed by examining iris colour,  cere thickness  and  unmolted  juvenile feath- ers,  which  allow  to  distinguish  juveniles ( < 6 months old) and  adults  (Kautz  1985). Sex of adults  was deter- mined by examining the width  of the isquion,  which is a traditional technique  adopted  by pigeon keepers that has been shown to be a reliable way to sex pigeons (Sol unpubl.);  assignment of some birds of uncertain  sex was confirmed  by observation of sexual behaviour.
For   each  pigeon,   one  or  two  blood   smears  were obtained  from a drop of blood squeezed from a clipped toenail  onto  a glass slide (Davidar  and  Morton 1993). Each  slide was rapidly  air  dried,  fixed with  methanol for 10 min and stained with Giemsa stain. A magnifica- tion of × 1000 was used to identify and quantify  blood parasites.  Blood slides were examined for 10 min before declared negative. For positive slides, the number of parasited  cells was counted  in 100 microscopic  fields by moving  randomly   over  the  slide  in  areas  where  the

blood cells formed a monolayer  (Bennett et al. 1995). Intensity is expressed as the number of parasitized erythrocytes  per 100 randomly  selected fields. In a few cases,  erythrocytes   were  disposed  in  multilayers,  and these smears were not  used in the analyses.
Pigeon fly abundance  was estimated  by counting  the number  of flies during 10-min search for all parts of the body.  Because  pigeons  were  enclosed  in  cages  before being  examined,  it is possible  that  pigeon  flies moved among  the hosts, and hence, comparison  of fly loads between ages and sexes should be taken with caution.  It should  be noted,  however, that  such aggregations  were not  much  different  from  roosting  or foraging  aggrega- tions  of pigeons.
Parasitism   is  known   to  vary  among   seasons   and years, which could have biased some of our results. To evaluate  the potentially  more important source of bias, i.e. the seasonal  variation  in pigeon flies, we used data gathered  from spring 1997 to winter 1998 in Moia`  and Barcelona  populations. To analyse if the observed geo- graphic patterns  hold between years, we compared  data gathered in the springs of 1997 and 1998 from the Barcelona  population and  in  the  winters  of  1998 and
1999 from  the Moia`  population (see Results).
Experimental parasitation
Because  we found  significant  differences  in prevalence of H. columbae between populations (see Results), we further investigated the reasons for such differences by means  of a series of experiments.  The  first experiment was designed to test if unparasitized pigeons were resis- tant  or  susceptible  to  the parasite.  In  March  1998, we moved  48 of  the  52 unparasitized adult  pigeons  cap- tured in Moia`  (where prevalence of blood parasites  was low and louse flies were scarce) to Barcelona  (where prevalence  of blood  parasites  was high  and  louse flies were  relatively  abundant).  Pigeons  were  captured   as part of a control programme conducted  by the City Council.  Individuals   were  divided  at  random   in  four groups of 12 birds, and each of the groups was enclosed in  a  100 × 60 × 60  cm  outdoor aviary  for  5  months. Throughout the study,  pigeons had  free access to food (a mixture of seeds special for pigeons), water and grit. To  facilitate   vector   transmission,  we  attracted  local
free-ranging pigeons to the experimental cages using artificial feeders. Presence of blood  parasites  and abun- dance  of louse  flies of pigeons  were determined  every two  months.   At  the  end  of  the  study,  pigeons  were released.
Because pigeons were found to be susceptible to H. columbae infection, we designed a second experiment to rule out  the possibility that  the parasite  was in latency and  emerged  as a consequence  of a debilitation of the resistance   against   parasites   (perhaps   due   to   social stress,  diet  deficiencies  or  captivity).  The  experiment was also useful in ruling out the possibility that H. columbae was transmitted by ceratopogonid flies. The protocol  was the same used in the first experiment, with the  only  difference  that  in  this  case  two  of  the  four outdoor cages were covered with a net to keep pigeon flies  out.   However,   the  holes  of  the  net  were  large enough  to  permit  the  entrance  of  ceratopogonid flies. We predicted  that  if H. columbae was not in latency in the pigeons  and  pigeon flies were the sole vector  capa- ble of transmitting the parasite,  only pigeons  from  the experimental   groups  would  become  parasited   after  a certain  time.  However,  if any  of  these  statements  did not   hold,   pigeons   from   both   the  experimental   and control  groups  would  become  parasitized.  The  experi- ment was carried out with six unparasitized pigeons captured  in Moia`  in February 1999, and with eight additional  pigeons  captured   in  March   1999.  Pigeons from   each   of  these   groups   were  randomly   divided among the control and experimental cages. Among the pigeons captured  in March,  one was already parasitized with  H.  columbae ; this  individual  was enclosed  in the experimental  cage after  ensuring  that  it was not  carry- ing any pigeon flies. At the end of the study, all pigeons were released.
Statistical analyses
Tests of independence were performed with the Fisher exact test for small sample  sizes (n < 30) and  with the x2-test   in  the  other   situations.   Continuous  variables were analysed with parametric  tests when they met the criteria  of normality.  For  variables  that  did  not  meet that criteria and could not be normalised by standard transformations, alternative  non-parametric tests were used (see below).

Results
Of a total  of 257 pigeons  examined,  206 were infected with  H.  columbae. Because  sex or  age  of  hosts  could affect parasite  prevalence and  intensity  of parasitation, we  analysed  sex  and  age-related   differences  in  para- sitemia within  populations before  exploring  geographi- cal  differences.  In   the  only  two  populations   where sample size of males and females were large enough (Barcelona  and  Granollers), there  was no evidence for sex-related  differences  in  prevalence,  intensity,   or  in vector  abundance  (Table  2). We therefore  pooled  data on both  sexes for further  analyses.
When age-classes were compared  within populations, prevalence of H. columbae in juveniles was consistently lower  than  that  in  adults,  while the  parasite  intensity was significantly  higher  (Table  3). Abundance of  flies did not differ between age-classes (Table 3). Because of the age-related differences, the following analyses were carried  out  separately  for juveniles and  adults.
Geographical variation in blood parasites and vectors
Prevalence  of H.  columbae showed  considerable  varia- tion  among  populations (Table  3). For  adults,  preva- lence was 100% in four of the five populations, while it was  extremely  low  (14.8%)  for  the  Moia`   population (x2 = 121.17,  p = 0.0001).  A   similar   figure   emerged when  comparing   prevalence  in  juveniles,  although   in Moia`  the sample size (N = 2) was too low to be conclu- sive. Regarding  intensity of H. columbae, no differences were found  between populations (Table  3).
Differences   between   populations  in  abundance   of louse flies were statistically  significant, and a similar pattern  of abundance  was found  in both  juveniles and adults (Pearson product-moment correlation between mean  number  of  flies in  juveniles  vs adults:  r = 0.94, N = 5,  p = 0.017).  The  population  with  low  parasite prevalence was precisely the one where vectors were scarcer.
The  low  parasite  prevalence  and  vector  abundance found in Moia`  cannot  be an artifact  associated  with the method   of  sampling,  because  the  same  method   was used for the five populations. Neither  can it be an effect
Table  2.  Prevalence  (% of birds  infected)  and  intensity  (mean  number  of red blood  cells infected among  parasitized  birds)  of Haemoproteus columbae, and louse fly abundance  (mean number  of flies per host) in female and male pigeons from two near-by populations. (Sample size: Barcelona:  females = 13, males = 14; Granollers:  females = 12, males = 17).

Population


Prevalence


Intensity 
Louse  flies

	
	females
	males
	p
	
	females
	males
	p
	
	females
	males
	p

	Barcelona
	100
	100
	n.s.a
	
	1.32 (0.79)
	1.46 (0.34)
	n.s.b
	
	1.29 (0.34)
	2.00 (0.66)
	n.s.b

	Granollers
	100
	100
	n.s.a
	
	3.45 (1.55)
	2.37 (0.64)
	n.s.b
	
	0.69 (0.29)
	0.39 (0.18)
	n.s.b


Note:  a x2; b t-test.
Table 3.  Prevalence (% of birds infected) and intensity (mean number  of red blood  cells infected among  parasitized  birds) of H.
columbae, and pigeon fly abundance  (mean number  of flies per host) in juvenile and adult pigeons from five near-by populations.
Population


Prevalence 
Intensity  (SE)


Louse  flies (SE)
	juveniles 
adults 
p 
juveniles 
adults 
p 
juveniles 
adults 
p

	Agramunt
	37.5
	100.0
	0.009d
	–
	2.24 (1.26)
	–
	0.38 (0.38)
	0.11 (0.11)
	n.s.b

	Barcelona
	85.3
	100.0
	0.028a
	8.21 (1.75)
	1.47 (0.43)
	<0.001c
	1.43 (0.31)
	1.49 (0.24)
	n.s.b

	Granollers 
86.9
100.0
0.088a        7.71 (1.93)
2.82 (0.73)
0.025c 
0.35 (0.09)
0.52 (0.16)   n.s.c

	Moia`
	0.0
	14.8
	–
	–
	1.55 (1.18)
	–
	
	–
	0.02 (0.02)
	–

	Olesa de
	93.8
	100.0
	n.s.d
	9.51 (2.80)
	1.97 (0.65)
	
	0.004c
	0.64 (0.24)
	0.40 (0.16)
	n.s.b

	Mont.
	
	
	
	
	
	
	
	
	
	

	P (5 popu- 
–
<0.001a
n.s.e 
n.s.e 
0.014f 
<0.001e


lations)
Note:  a x2   test;  b t-test;  c t-test  with  separate  variance  estimates,  d Fisher  exact  test,  e F-test,  f Kruskall-Wallis test.  n.s.  non significant.  The dash  denotes  insufficient sample  size.

of season (Moia` was the earliest population sampled), because in Moia`  vectors were scarce all year, while in Barcelona they were always abundant (Fig. 1). Inter- population  differences   in   louse   flies  loads   and   H. columbae prevalence also hold between years. For ex- ample, the capture  carried out in Moia`  between Febru- ary  and  March  1999 gave only  three  out  of 15 adults with H. columbae, and no individual with pigeon flies, a figure   very   similar   to   that   given   in   Table   3.   In Barcelona,  on the other  hand,  the same prevalences  of both  H.  columbae and  pigeon flies were measured  in a sample of 34 adult pigeons captured  in 1997, and in a sample of 50 other  adults  captured  in 1998 at the same site and  season  (100% prevalence  of H.  columbae and
50% prevalence  of pigeon flies in both  samples).
Experimental parasitation
The  aim  of the  first experiment  was to  test  if pigeons from  Moia`   (where  prevalence  of  blood  parasites  was low) were susceptible or resistant to H. columbae. We therefore  translocated pigeons (N = 48) from Moia`  to a site where both  the parasite  and  the vector were abun- dant.  After  two  months  of  exposure  to  the  vector  in outdoor aviaries, prevalence of H. columbae increased from 14.8% to 53.9%, and two months later nearly all pigeons (95%) were parasitized  (Fig. 2, above); the remaining unparasitized pigeons became parasitized during  the next month.  Louse fly abundance  paralleled the increase in parasite  prevalence (Fig. 2, below). This result demonstrates that pigeons from Moia`  were not resistant  but  susceptible  to the parasite.
In the second experiment,  we enclosed half of a total of 14 pigeons in two normal  outdoor cages (experimen- tal group) and the other half in two similar cages but covered with a net that prevented any contact with the pigeon fly vector (control  group).  After two months,  all individuals  from  the  experimental  groups  were  para- sited but none of the individuals in the control group. Pigeons  from  the  control  groups  were not  parasitized

even after  four months.  Louse flies were only found  in pigeons from the experimental groups. This experiment demonstrates that  the parasite  was not in latency in the host,   but   was  acquired   via  vector   transmission. In addition,  the result  supports  the idea that  ceratopogo- nid  flies do  not  act  as  vectors  of  H.  columbae in  the study  area  (see Methods).
Discussion
Although  it is well established  that  infections  by blood parasites  can vary in space (Weatherhead and  Bennett
1991,  1992,  Bennett   et  al.  1995,  Merila¨   et  al.  1995, Bosch et al. 1997), the extent  and  causes of this varia- tion are poorly  known.  Here, we show that  geographic variation  in prevalence of H. columbae in feral pigeons
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Fig.  2.  Progression  of the prevalence  of H.  columbae (above) and  abundance  of pigeon  flies (below) in pigeons  from  Moia` exposed to the vector  in experimental  cages (see Methods).
can be high and that such variation  can be attributed to geographic   variation   in  abundance   of  vectors.  These results  are  in  accordance   with  the  increasingly  recog- nised view that  vectors  play a central  role in parasite- host  relationships  (Anderson   and  May   1982,  Ewald
1983, Piersma  1997, Poulin  1998).

Our  results  are  in  line  with  previous  findings  that older  individuals  have a higher  probability to be para- sitized  by  haematozoan parasites  than  younger  ones, while younger birds, when infected, suffer higher inten- sities (e.g. Seutin 1994, Merila¨ et al. 1995). A higher prevalence in adults might be the result of a longer time of exposure  to  the parasites.  However,  parasite  preva- lence in juveniles was also high (up to 94%) in most of the studied  populations, which suggests that  infections generally occured at an early age. The lower parasite intensity  in adults,  on the other  hand,  is to be expected if  older  birds  acquire   a  certain   degree  of  immunity against   parasites   (Merila¨   et  al.  1995).  Alternatively, adults with high intensity of parasites could be under- represented  in the population due to their higher risk of mortality;  this last hypothesis  seems however less prob- able in our  case because current  evidence indicate  that H. columbae rarely produces mortality  in pigeons (see Atkinson  and  van Riper  1991).

We found no evidence for sex-related differences in prevalence or intensity of blood parasites  (see McCurdy et al. 1998). Because in our system parasite prevalence largely depends  on exposure to vectors (see below), the absence of sex-related differences in prevalence suggests that  the  sexes were  equally  exposed  to  vectors.  This agrees with the fact that,  in pigeons, both  sexes use the habitat   and   participate   in  the  breeding   duties   in  a similar fashion (Johnston and Janiga 1995). Lack of differences in louse fly abundance  between sexes also points  to this conclusion,  although  we cannot  rule out the possibility that  this was a result of a re-distribution of flies among  pigeons  when  they  were maintained in the cages before being examined (but see Methods).  On the  other  hand,  the  similarity  in intensity  between  fe- males and  males can mean  that  both  sexes are equally susceptible to the parasite,  which in turn  can mean that the  supposed  immunosuppressive effect of certain  sex- ual hormones  (Folstad  and Karter  1992) are of little importance in the case of haemoproteus parasites in pigeons.
A major  finding of this study was that  prevalence of H. columbae can vary dramatically  among  pigeon pop- ulations,  even within a relatively restricted geographical region.  Parasite  prevalence  ranged  from  15% to  100% for adults,  and from 0 to 94% for juveniles. In contrast, the  intensity  of the  parasite  within  each  age-class was very similar  among  populations. Geographic  variation in prevalence  can  theoretically  be attributed to  differ- ences in exposure to parasite vectors and/or  host vul- nerability  to parasites.  In this study,  observational and experimental  evidence indicate  that  it is the abundance

of vector that  plays a major  role in causing differences in prevalence.  In  the  population from  Moia` , in which parasite  prevalence was low, louse flies were very scarce as compared  with the other  populations. Yet, this rela- tionship does not imply causality because other factors, such as genetic predisposition, state of health or be- haviour,  could  also vary among  populations in a simi- lar way. We therefore  conducted  experiments  to discern between the competing hypotheses.  The first experiment demonstrated that pigeons were not resistant  but sus- ceptible to the parasite,  suggesting that  among  popula- tion   differences   in  parasitemia  were  largely  due   to among  population differences  in  exposure  to  vectors. The  second  experiment  provided  further  evidence  for this,  demonstrating that  the  parasites  were  not  in  la- tency in the  hosts  but  they  were acquired  via vectors. Thus,   a  second  major   finding  of  our   study  is  that spatial   variation   in  prevalence   of  H.   columbae  was linked  to the abundance  of vectors.
Theoretical  models  of host-parasite interactions  pre- dict  that,   for  a  parasite   to  persist  and  spread   in  a population, it is not the vector density but the vector to host ratio what must exceed a critical level (Begon et al.
1996,  Hudson   and  Dobson   1997).  According   to  the results, the density of vectors, and not the host density, is  the  key  factor   in  our   parasite-host  system.  This assertion  is also  supported by the  observation that  in Moia` , where the vectors were scarce and  prevalence of H.  columbae was low, most  pigeons  rest  and  breed  in the  same  building  and  often  concentrate to  forage  in the same grain factory. This suggests that in Moia` the effective host density was at least as high as that  in the other  populations. On  the  other  hand,  our  data  also show  that   low  densities  of  pigeon  flies  are  able  to maintain a high prevalence of blood parasites in the population (e.g.  Agramunt population), a  result  that has  already  been  reported   in  other  studies  (e.g.  van Riper  et al. 1986). In our  case, high transmission rates can  have  been  favoured  both  for  the  mobility  of  the louse fly and the opportunities for transmission that  the host offers (e.g. flocking behaviour  and continuous breeding).
Determining the causes of variation  in vector abun- dance  between  populations was  not  the  scope  of  this study  but,  nevertheless,  some  hypotheses   can  be  ad- vanced. These include variations  in local climatic condi- tions (Senar et al. 1994, Valkiunas 1996), habitat characteristics   (Figuerola  1999, Tella  et  al.  1999) and anti-parasite variation   in  responses  of  the  host  (Hart
1997). With  data  from  only five populations, little can be said in support  of one or another  hypothesis  rather than  to note  that  vectors  tended  to be more  abundant in urban areas than in rural areas. In general, vector abundance  is assumed  to attain  the highest densities in forested areas (e.g. Merila¨  et al. 1995, Tella et al. 1999). Although  this  can  be true  for  certain  families of vec- tors,  the fact that  pigeon flies were especially abundant
in urban  areas (i.e. little forested areas), indicates that  it cannot   be  generalised  to  all  vectors.  This  should  be kept  in  mind  in  future  studies,  especially  taking  into account  that  different haematozoan parasites  are trans- mitted  by different  vectors.
Our data for pigeons allow us to explore two as- sumptions  of the Hamilton and Zuk hypothesis (Hamil- ton  and  Zuk  1982)  that   secondary  sexual  characters have evolved to  signal heritable  resistance  to  parasites in mate choice context. Firstly, our data indicate that variation  in prevalence within a species can be consider- able.  Therefore,  to  justify  the  use  of  prevalence  as  a species specific character,  it would  be recommended  to test  firstly  if variation   in  prevalence  within  species  is lower than  across species. Secondly, our data  show that the failure to detect the parasite in some hosts reflects differential exposure to the parasite, and not heritable resistance.  If  differences  in  transmission, unrelated  to host genetics, are the dominant force shaping parasite dispersion,   the  Hamilton  and  Zuk  (1982)  hypothesis can be untenable.  However, it could very well be that genetic influences on resistance are usually reflected in quantitative, rather  than  qualitative,   variations   in  re- sponse  (Wakelin  and  Apanius  1997). In  fact,  intensity of  H.  columbae  infections  varied  considerably   within the studied  populations and,  in contrast  to prevalence, were decoupled  from  vector abundance. Therefore,  the possibility  that  intensity  reflects heritable  resistance  to the parasite  still holds.
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