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Editor: Rafael Mateo Urbanization is increasing worldwide, producing severe environmental impacts. Biodiversity is affected by the
expansion of cities, with many species being unable to cope with the different human-induced stressors present in
Keywords: these landscapes. However, this knowledge is mainly based on research from taxa such as plants or vertebrates,
Avian malaria while other organisms like protozoa have been less studied in this context. The impact of urbanization on the
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transmission of vector-borne pathogens in wildlife is still unclear despite its relevance for animal and human
health. Here, we investigated whether cities are associated with changes in the prevalence and richness of lin-
eages of three vector-borne protozoans (Plasmodium, Haemoproteus and Leucocytozoon) in Eurasian blackbirds
(Turdus merula) from multiple urban and forest areas in Europe. Our results show important species-specific
differences between these two habitat types. We found a significant lower prevalence of Leucocytozoon in
urban birds compared to forest birds, but no differences for Plasmodium and Haemoproteus. Furthermore, the
richness of parasite lineages in European cities was higher for Plasmodium but lower for Leucocytozoon than in

* Corresponding author at: Estacion Bioldgica de Donana, Avda. Américo Vespucio 26, 41092 Sevilla, Spain.
E-mail address: jordi@ebd.csic.es (J. Figuerola).

https://doi.org/10.1016/j.scitotenv.2024.171303

Received 6 October 2023; Received in revised form 13 February 2024; Accepted 25 February 2024

Available online 27 February 2024

0048-9697/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:jordi@ebd.csic.es
www.sciencedirect.com/science/journal/00489697
https://www.elsevier.com/locate/scitotenv
https://doi.org/10.1016/j.scitotenv.2024.171303
https://doi.org/10.1016/j.scitotenv.2024.171303
https://doi.org/10.1016/j.scitotenv.2024.171303
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2024.171303&domain=pdf
http://creativecommons.org/licenses/by/4.0/

J. Figuerola et al.

Science of the Total Environment 922 (2024) 171303

forests. We also found one Plasmodium lineage exclusively from cities while another of Leucocytozoon was only
found in forests suggesting a certain level of habitat specialization for these protozoan vectors. Overall, our
findings show that cities provide contrasting opportunities for the transmission of different vector-borne path-
ogens and generate new scenarios for the interactions between hosts, vectors and parasites.

1. Introduction

Urbanization, the expansion of urban areas, has rapidly increased in
recent decades (McIntyre, 2021; United Nations, 2019). This landscape
change is tightly linked with the sociological change by which humans
leave rural areas to live in towns and cities. Only 10 % of the world
population was living in cities in 1900, and by the start of the 21th
century the proportion had increased to 50 % (Grimm et al., 2008).
These changes continue nowadays and different projections indicate
that urban areas will continue their expansion in the near future (Angel
et al., 2011; Seto et al., 2012; United Nations, 2019).

Urbanization strongly affects the wildlife communities living in these
human-altered areas (Aronson et al., 2014; Evans, 2010; Ibanez-Alamo
et al.,, 2017; McKinney, 2006). Only a few animal species are able to
survive in urban habitats and consequently urban communities are often
characterized by the presence of a reduced number of species (Chace and
Walsh, 2006; McKinney, 2006). However, some species, typically known
as ‘urban exploiter/adaptor species’ (Blair, 1996), thrive in the urban
areas and present important populations in cities (Isaksson, 2018).
Urban ecology studies have focussed on the impact of urbanization on
the diversity of different clades including plants, birds or mammals (e.g.
Chace and Walsh, 2006; Ibanez-Alamo et al., 2017; Kondratyeva et al.,
2020; McKinney, 2008), but much less attention has been paid to its
impact on interactions between species and, especially, host parasite
interactions (Awoyemi and Ibdnez-Alamo, 2023; Delgado-V and French,
2012).

Understanding the ecology of wildlife pathogens in urban areas is
increasingly important for managing disease risk to wildlife and humans
(Bradley and Altizer, 2006). A recent meta-analysis concluded that some
types of health risks, such as exposure to toxicants, were more important
for wildlife living in urban areas (Murray et al., 2019). Their conclusions
were less clear for exposure to parasites, and an effect of urbanization
was only detectable on the prevalence of contact-transmitted pathogens.
The transmission of vector-borne diseases to wildlife may be reduced in
urban areas as these areas have less suitable breeding sites for hema-
tophagous insects (Bradley and Altizer, 2006; Delgado-V and French,
2012), although the effect of urbanization on parasite dynamics may
also depend on parasite ecology and environmental conditions (e.g.
interannual variation) (Jiménez-Penuela et al., 2021; Murray et al.,
2019). For instance, studies in Europe suggested that the abundance and
species richness of mosquitoes is lower in urban areas (Ferraguti et al.,
2016) and the prevalence of vector-borne pathogens is positively related
to vector density (Ferraguti et al., 2018; Martinez-de la Puente et al.,
2013, Martinez-de la Puente et al., 2018). However, some species of
mosquitoes are able to breed in the small water containers that are
present in urban areas and consequently, may also present important
populations in cities (e.g., Culex pipiens, an important vector of avian
Plasmodium; Cornet et al., 2013; Gutiérrez-Lopez et al., 2020; Pigeault
et al., 2015). Moreover, invasive species of mosquitoes in Europe and
North America such as Aedes albopictus also reach high populations in
urban areas (Ferraguti et al., 2023; Kache et al., 2020), although this
species may be less important for avian Plasmodium transmission likely
due to its preference to feed on mammals (Martinez-de la Puente et al.,
2020).

Here, we analyse how urbanization affects the prevalence and rich-
ness of blood parasites transmitted by different groups of haematopha-
gous insects in Europe. Avian malaria parasites (genus Plasmodium) and

the related haemosporidians of the genera Haemoproteus and Leucocy-
togoon are common model systems in studies of host-parasite ecology
and evolution (Rivero and Gandon, 2018). Mosquitoes are the vectors of
Plasmodium parasites, while Haemoproteus parasites are transmitted by
Culicoides and hippoboscids, and parasites of the genus Leucocytozoon
are mainly transmitted by blackflies (Valkitnas, 2005). We hypothesize
that haemoparasite prevalence will be lower in urban areas, due to the
expected lower abundance of vectors (Bradley and Altizer, 2006; Fer-
raguti et al., 2016). In addition, given that we expect that vertebrate and
vector communities in urban areas will be more reduced in size and
complexity (Delgado-V and French, 2012; Ferraguti et al., 2016), we
expect the richness of haemoparasite lineages to be lower in cities than
in forests. Contrasting patterns could be expected between parasite
genera based on the differential environmental requirements of the
vectors of these parasites.

We compared the prevalence, richness and community composition
of the three genera of vector-borne haemoparasites in five urban and five
forest populations of Eurasian blackbirds (Turdus merula, blackbird
hereafter) across Europe. Blackbirds are well adapted to live in cities and
are the second most common urban bird in Europe (Morelli et al., 2021),
but are also commonly found in forests, their original habitat (Luniak
et al., 1990). Blackbirds are an excellent model system for the study of
urbanization effects. Blackbirds living in cities appear to experience
senescence earlier in life, as measured by their red blood cell telomere
length (Ibanez-Alamo et al., 2018), but show decreased physiological
stress compared to their forest conspecifics (Ibanez-Alamo et al., 2020).
Regarding haemoparasites, Evans et al. (2009) investigated avian ma-
laria prevalence (combining Plasmodium and Haemoproteus data) in
multiple blackbird populations finding higher malaria prevalence in
non-urban than urban habitats. Their study included both natural (i.e.,
forests) and different types of agricultural areas as non-urban habitats
making it very difficult to identify avian malaria prevalence differences
between their natural, original habitat and true urban habitat.
Furthermore, their study did not check for other vector-borne parasites
(e.g., Leucocytozoon), did not explore for urban-associated variation in
parasitic richness, and did not investigate the community composition of
parasitic lineages in urban and non-urban habitats. Therefore, we still
lack crucial information from this model species to correctly understand
the effect of urbanization on their vector-borne diseases.

2. Materials and methods
2.1. Study design and sampling

Blackbirds were captured at 10 different localities across Europe,
which included paired urban and non-urban sites in Finland, France and
Spain (Fig. 1). Therefore, five localities were located in urban parks and
gardens inside cities (Turku, Dijon, Madrid, Granada and Seville), and
the other five in nearby protected forested areas outside each city, with
minimum human activity and at a considerable distance to secure the
independence of each blackbird population (mean distance + s.e.: 29,8
+ 3,8 km; Paradis et al., 1998). To further characterize differences in the
level of anthropization between these two habitat types, an urbanization
score was obtained for each locality following a widely used method-
ology (Liker et al., 2008; Seress et al., 2014). In each pair of urban/forest
locations the number of cells with high vegetation density was higher in
the forest locations (range: 91-100, mean: 97,8; urban, range: 7-47,



J. Figuerola et al.

Science of the Total Environment 922 (2024) 171303

I Al +I T T T ) I+ T N g
40°W /3’0°W 20°W IQ°W éo 10°E 20°E #3862 40°E 50°E 60°E
/ + s1e \ \
¥4 ! 4
4 !
= 60°N ,” ) \ 60°N =
B, F ! A
e ! A ot
7 s / \ —
/ = gy i -
4 o ) A P
d RO ! .Turk/u;»
‘~~7'-‘__7 sy \ 248 !
]
!
! ;
!
- 50°N ” \ 50°N
+ ) +
- ! +
¥ ;
; Dijon 3
\‘ . J ‘\
! 1y
! \
- 40°N ; \ 40°N —
! JMadrid v
. | + “
Seville |
®Granada b
!
| \
0 500 1,000
| ] Jkm |
= 30°N Y 30°N-~
- : -
10°W = ()t 0SE 20°E _ _ -~ 30°E
: et PR .

Fig. 1. Geographical distribution of the sampling localities. Each dot represents a paired urban and forest sampling sites (dyad).

mean: 22,2) while the number of cells with high building density was
higher in the urban ones (range: 11-50, mean: 23,8; forest, range: 0-5,
mean: 1). The urbanization score further confirmed the visual scoring of
urban and forest areas. At each locality, blackbirds were captured using
mist nets in March-July 2015, sexed and classified as either born in the
previous season or older birds (1-year-old vs. older individuals) based on
their plumage (Jenni and Winkler, 1994). So, yearlings, individuals born
in the current season were excluded from this study because were
captured in low numbers in many of the localities. We capture black-
birds during the breeding period of each locality according to local re-
searchers and previous information from the sampling area. All captures
were done in actively breeding territories as shown by singing males
(100 %) and breeding females (i.e. 95 % showed brood patch). Captures
spanned between 30 March and 12 June in Sevilla (Spain), 12 March and
24 April in Granada (Spain), 27 April and 17 May in Madrid (Spain), 24
May and 4 June in Dijon (France) and 7 June and 1 July in Turku
(Finland). Immediately after capture, blood samples (350-450 pl) were
taken from the brachial vein, kept at 4 °C for up to 5 h until centrifu-
gation (15 min at 5000g), after which the red blood cells were frozen at
-80 °C. Genomic DNA was isolated from the cellular fraction of the blood
sample using the Maxwell® 16 LEV system Research (Promega, Madi-
son, WI) (Gutiérrez-Lopez et al., 2015). Parasites of the genus Plasmo-
dium, Haemoproteus and Leucocytozoon were identified according to
Hellgren et al. (2004) based on the amplification of a 478 bp fragment of
the mitochondrial cytochrome b (cyt b) gene. Analyses of negative
samples were repeated to avoid false negatives (McClintock et al., 2010).
Negative controls for PCR reactions (at least one per plate) and DNA
extraction (one per 15 samples) were included in the analyses. PCR
amplifications were resolved in 1.2 % agarose gels and positive samples

were sequenced uni-directionally from the 5 end using the Macrogen
Sequencing Service (Macrogen Inc., The Netherlands).

Blood samples from 268 individuals were analysed, infections were
reported in 242 individuals and multiple infections were observed at
107 samples. 96 of these double infections could be resolved because
these corresponded to coinfections by different genus or were combi-
nations of lineages already detected in other individuals, but the line-
ages present in 11 coinfections and 7 single infections remained
unidentified. Sequences were edited using Sequencher™ v.4.9 (Gene
Codes Corp, Ann Arbor, MI, USA) and lineages were identified by
comparison with DNA sequences in Genbank and MalAvi databases
(Bensch et al., 2009).

2.2. Statistical analyses

Infections by each parasite genus (prevalence) were analysed with
separate Generalized Linear models with binomial error distribution and
logit link function. Sampling location nested within dyad (each pair of
sites) was included as a random factor. In that way we controlled for
large scale geographic factors that may differ between localities in
different geographic areas. Age (1 year vs >2 years old individuals), sex
(male vs female) and habitat (urban vs forest) were included as fixed
factors. We controlled for age because this may affect exposure to vec-
tors and hematozoan infection prevalence (e.g., Ferraguti et al., 2021;
Jiménez-Penuela et al., 2019) and sex because blood parasite prevalence
is related to sexual dimorphic traits (Hamilton and Zuk, 1982). Number
of genera infecting each individual was analysed with a similar model
but with Poisson distributed errors and log link function. Statistical
analyses were done in SAS 9.4 (SAS Institute Inc., Cary, NC, USA).
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Estimation of lineage richness is problematic because estimates are
strongly biased by sample size. Consequently, we used rarefaction an-
alyses to compare the richness of lineages in urban and forest areas while
controlling for sample size. Rarefaction analyses use lineage accumu-
lation curves to estimate richness independent of sample size. Rarefac-
tion curves were fitted using the function rarefy in the R package ‘vegan’
(Oksanen et al., 2008), and lineage richness estimates were compared
between urban and forest populations using paired t-test. Finally, to
compare the composition of blood parasite communities across habitats
and sites, we analysed lineage frequency at each locality using corre-
spondence analyses with the R package ‘CA’ (Nenadic and Greenacre,
2007). This correspondence analysis is a multivariate analysis that
summarises community composition data allowing for the simultaneous
representation of both habitats and lineages in a two dimensions plane
(Legendre and Legendre, 2012). Therefore, sites with similar parasite
communities will be closer between them and to the main lineages that
characterize these communities.

3. Results

Of the 268 individuals analysed, 126 were captured in forests and
142 in cities. The numbers analysed per locality ranged between 14 and
34, being higher than 21 in nine of the ten localities studied.

3.1. Parasite prevalence

All the individuals captured at the forests were infected by at least
one parasite genus while in the urban areas 116 individuals (82 %) were
infected. The effect of age on pathogen prevalence was not homoge-
neous across haematozoa genera (Table 1). While older blackbirds had
higher Plasmodium prevalence (79 % vs 44 %; Fig. 2A), the opposite
occurred for Haemoproteus (14 % vs 30 %; Fig. 2B). In contrast, we found
no age differences for Leucocytozoon. No differences in prevalence by sex
were found for any of the genera studied (Table 1). Finally, neither
Plasmodium nor Haemoproteus prevalence differed between urban and
forest habitats (Table 1), but Leucocytozoon prevalence was significantly
lower in urban (9 %) than in forest areas (69 %; Fig. 2C). We also found
that blackbirds living in urban areas were infected by a lower number of
haematozoa genera (0,93 + 0.28; Fig. 2D) than those inhabiting Euro-
pean forests (1,65 + 0,44). This variable was not influenced by age or
sex (Table 1).

3.2. Parasite diversity

Differences in parasite lineage identity (Table 2) were found in birds
from urban and forest areas (Fig. 3). The first axis of the correspondence
analysis explained 40.8 % of variance and separated the localities ac-
cording to the geographical distribution with higher scores for localities
at higher latitudes. However, all the urban localities tended to cluster
together with the only exception of the more geographically distant
locality in Finland. The second axis of the correspondence analysis
explained 24.7 % of variance and clearly separated urban (with higher

Table 1
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scores) from forest areas. All the Leucocytozoon lineages appeared closer
to the forest localities, while most Plasmodium lineages appeared closer
to the urban localities (Fig. 3). Two lineages were clearly associated with
habitat characteristics (Table 3). Lineage pLINN1, that belongs to the
species Plasmodium matutinum, was detected in the five urban areas but
in none of the forest areas. The Leucocytozoon lineage NEVEO1 was
detected in all five forest areas but never in urban individuals.

Urban populations of blackbirds hosted a higher number of Plasmo-
dium lineages (observed: t4 = 6, p = 0.004; estimated: t4 = 4.42, p =
0.01, Table 3) but a lower number of Leucocytozoon lineages (observed:
ty = —2.59, p = 0.06; estimated: t4 = —3.74, p = 0.02). No differences in
the number of Haemoproteus lineages were found between urban and
forest populations (observed: t4 = 0.78, p = 0.48; estimated: t4 = —0.10,
p =0.93).

4. Discussion

We found important effects of urbanization on the prevalence and
diversity of parasite infection patterns of wild birds from 10 populations
distributed south to north across Europe. Our results show that the
impact of urbanization is not the same for all parasites, which could be
due to the differential environmental requirements of their vectors. This
supports previous work showing variable impacts of urbanization on
avian parasites (e.g. Evans et al., 2009; Ferraguti et al., 2021; Fokidis
et al., 2008; Murray et al., 2019; Tinajero et al., 2019).

We found significantly lower prevalence and species richness in
urban areas for Leucocytozoon, a genus of parasites transmitted by
blackflies, an insect that breeds preferentially in running water (Currie
and Adler, 2008). However, no differences in pathogen prevalence be-
tween urban and natural areas were found for the mosquito-borne
Plasmodium and Culicoides-borne Haemoproteus. These results are in
line with those found for Plasmodium prevalence in French house spar-
rows (Passer domesticus; Bichet et al., 2014) but contrast with the higher
prevalence of Plasmodium-Haemoproteus in a non-urban area in Mexico
city (Santiago-Alarcon et al., 2020). Evans et al. (2009) also reported a
higher malaria prevalence in non-urban than urban blackbirds. These
contrasting findings could be explained because of the different habitat
comparisons between the different studies. For example, in the case of
blackbirds, our study compared urban vs well-preserved forested areas
while Evans et al.’s study compared urban vs a mix of non-urban habi-
tats including forests and different types of agricultural areas. Avian
malaria can be differentially influenced by natural or agricultural areas
(Ferraguti et al., 2018), potentially explaining these between-study
variations. Our prevalence results do not comply with our initial pre-
diction that blood parasites can explain the significantly shorter telo-
meres in urban blackbirds (Ibanez-Alamo et al., 2018) and indicate that
other mechanistic reasons should explain urban vs forest changes in this
important health biomarker.

Vector abundance is an important predictor of the prevalence of
vector borne patogens (Ferraguti et al., 2021; Martinez-de la Puente
et al., 2018), and we only found differences between cities and forests in
the prevalence of infection for Leucocytozoon, but not for Plasmodium

Results of Generalised Linear models testing the effects of age, sex and urbanization on the infection rates by Plasmodium, Haemoproteus, Leucocytozoon or by any of the
three genera of haematozoa analysed in Eurasian blackbirds (n = 268). For each model the parameter estimates and standard error, the F values and associated p-values

are given. Statistically significant factors are marked in bold.

Plasmodium Haemoproteus Leucocytozoon N genera
Fi,4 p Fi4 p Fi,4 p Fi,4 p
Age (1 year) —1.574 + 0.354 19.79 0.01 1.001 + 0.359 7.77 0.05 —0.550 + 0.363 2.30 0.20 —0.162 £ 0.116 1.95 0.24
Sex (Female) 0.238 £ 0.316 0.57 0.49 —0.078 + 0.337 0.05 0.83 —0.224 £+ 0.333 0.45 0.54 —0.032 £+ 0.109 0.09 0.78
Urbanization (F) 0.025 + 1.025 0.00 0.98 1.431 +1.018 1.98 0.23 3.054 + 0.914 11.17 0.03 0.571 + 0.111 26,47 0.007
Overdispersion 0.87 0.89 0.85 0.24
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Fig. 2. Mean prevalence of Plasmodium (A), and Haemoproteus (B) in 1 year old and older Eurasian blackbirds, mean prevalence of Leucocytozoon in forest and urban
localities (C) and mean number of Haematozoa genera infecting each individual in forest and urban localities (D). Bars represent S.E.

and Haemoproteus. A recent meta-analysis showed that Diptera diversity
but not their abundance is reduced in urban areas (Fenoglio et al., 2020).
All vectors for these blood parasites are Diptera and, while mosquitoes
are generally less abundant in urban areas than in natural areas, some
mosquito species are well adapted to urban areas and can maintain
important populations (e.g. Ferraguti et al., 2016). This is the case of Cx.
pipiens, a well-known vector of avian malaria worldwide (Ferraguti
et al., 2016; Gutiérrez-Lopez et al., 2020). Less information is available
on how urbanization affects the specific abundance of Culicoides, the
main vectors of Haemoproteus infecting European blackbirds. But
available information suggests little differences between urban and non-
urban habitats. For example, Mohlmann et al. (2018) reported that in
peri-urban areas Culicoides diversity was higher or similar to that found
in wetlands and farms, although their abundance was lower. According
to our results Haemoproteus prevalence and lineage richness was similar
in the cities and the forests. So, it is possible that urban wooded areas
may represent suitable habitats for the maintenance of ornithophilic
Culicoides species allowing the transmission of Haemoproteus parasites in
these human-altered areas (Santiago-Alarcon et al., 2013). Unfortu-
nately, to the best of our knowledge the abundance and diversity of

Culicoides in urban and forest areas has not been compared yet. No in-
formation is also available for the case of blackflies, but these insects
require running freshwater areas that are not very common in the
studied urban areas so it will not be surprising that they are less abun-
dant in these cities potentially explaining the lower prevalence of Leu-
cocytozoon in urban blackbirds. Furthermore, the lower prevalence is
also associated with a reduced richness of lineages in the city, and one of
the lineages (NEVEO1) was not found in any urban sites. The most
plausible reason for this finding is the absence or the very low density of
competent vectors for this lineage in the studied cities. However, we
cannot exclude at this moment alternative explanations such as differ-
ences in the immune system and the genetic resistance of pathogens
because the process of urbanization has been associated to homogeneous
adaptative processes in this and other urban-dweller species (Mueller
et al., 2013; Salmon et al., 2021).

Interestingly, the richness of Plasmodium lineages in urban areas was
larger than in natural areas. In particular, the Plasmodium matutinum
lineage LINN1 was only detected in urban blackbirds. This lineage has
been associated to important exo-erythrocytic infections potentially
causing the death of many blackbirds in central Europe (Himmel et al.,
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Table 2

Number of Eurasian blackbirds infected by the different lineages of Plasmodium, Haemoproteus and Leucocytozoon. For each pathogen the number of individuals infected in each locality presented as number in forest/

number in urban is given, together with the overall number of tested individuals. The last column indicates the number of individuals not infected by any of the parasites analysed. The infections in 18 individuals could not
be identified to lineage level and for this reason the number of Total infected by Plasmodium, Haemoproteus or Leucocytozoon may be higher than the sum of those infected by each lineage. Note that a same individual may

be also infected by more than one genera or lineages of parasites.

Leucocytozoon

Haemoproteus

Plasmodium

Locality

Total H. minutus H. minutus H. majoris Total 3,224,698 TUPHIO6 NEVEO1 TUMER03SP19 TUMIG19. TUMERO1 TUMERO2 TUMIG19 Total Number Not
(TUCHRO1) (TURDUS2) (PHYBORO4) inf.

P. vaughani AFTRUS P.

circumflexum (lineage

sampled infected

inf.

SP18A

matutinum inf.

Leuco.

Haem.

Plasm.

(pLINN1)

(Rinshi-2)BT7 SYATO05)

0/10
0/3
0/1
0/8
0/4

20/0 27/34

1/0 1/0
3/1

1/0
0/1

16/0
2/0
3/0
2/0
1/0

1/0
1/0

19/17
6/3
8/1

0/5

17/10
3/3
8/1

0/1

8/7

0/5
0/1

7/2

Turku (Finland)
Dijon (France)
Madrid (Spain)

14/22

8/16 2/0
21/27
10/20
25/21
72/

91

0/1

7/14

17/1230/29
29/5 30/29
18/5 25/28

87/
23

2/3

11/8
14/5
14/3

1/0

0/1
0/6
0/2

18/20
9/14

10/0
2/1

1/0

19/1 2/0
0/2

52/

24

19/1
0/1

Granada (Spain)
Sevilla (Spain)

0/1

25/19

126/
142

0/26

40/17 15/4 1/0

1/0

2/1 24/0 1/0

2/0

0/5

0/1 0/15 2/1 47/16

59/67

7/2

Total
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2020). Screening for Plasmodium in mosquitoes detected this lineage in a
wide range of mosquitoes, including Cx. pipiens (Ferraguti et al., 2013;
Martinez-de la Puente et al., 2015), the most common mosquito present
in urban areas in Europe (Rizzoli et al., 2015). Consequently, despite the
lower abundance and diversity of birds and mosquitoes in cities, the
presence of Cx. pipiens may provide an adequate environment for the
successful transmission of avian Plasmodium in European urban areas,
especially considering the relatively low specificity found between avian
Plasmodium and mosquito species (Kimura et al., 2010). Additionally,
we cannot exclude that the relative higher densities of blackbirds in
cities compared with forests (Schnack, 1991) may also facilitate the
maintenance of Plasmodium lineages in urban blackbird populations, as
it has been reported in more dense great tit Parus major populations
(Isaksson et al., 2013). This lineage has been found in previous studies
infecting juvenile blackbirds and mosquitoes in natural areas in south-
ern Spain, note that names pSPHUjJ and LINN1 correspond to the same
genetic lineages (Diez-Fernandez et al., 2021; Ferraguti et al., 2013).

In addition to the urban variation, we found important age differ-
ences regarding Plasmodium and Haemoproteus prevalence. As life-time
infections, the prevalence of these two protozoans is expected to in-
crease with age, because the exposure to potentially infected vectors will
increase with lifespan (Wood et al., 2007). While this could be the
reason explaining the positive association between age and Plasmodium
prevalence, other reasons should be behind the opposite pattern found
for Haemoproteus infections. These discrepancies could be due to
different factors including differences in the virulence between these
two parasite genera with a higher mortality rate in Haemoproteus
infected individuals compared to those infected by Plasmodium. For
instance, field experimental evidence supports that Haemoproteus
infection significantly reduce host survival (Martinez-de la Puente et al.,
2010), while observational data indicate that chronic Plasmodium
infection also reduce survival (Lachish et al., 2011) and that dual in-
fections by Haemoproteus and Plasmodium increase host mortality
(Marzal et al., 2008). In particular, the Haemoproteus minutus lineage
hTURDUSZ2, which is widespread in European blackbirds (i.e. the most
prevalent in our studied individuals), have been identified as very
pathogenic for exotic species producing high mortalities in other bird
groups such as parrots (Olias et al., 2011). If this is the case for black-
birds too, then the lower prevalence of Haemoproteus in adults may
reflect such differences. Thus, we could speculate that the lower prev-
alence of Haemoproteus in older blackbirds may also reflect a higher
immune capacity to fight Haemoproteus proliferation. In contrast, this
explanation is not valid regarding the higher prevalence of Plasmodium
in older birds. A potential reason for the higher Plasmodium prevalence
in older birds could be that they have experienced higher mosquito
abundance in previous years when younger adults would have not even
been born yet. Annual variation in vector abundance can be large under
certain circumstances (Roiz et al., 2014). Finally, the lack of sexual
differences in haematozoa prevalence is not surprising given that a
recent meta-analysis did not find any sex bias in the prevalence of
Plasmodium, Haemoproteus nor Leucocytozoon (Valdebenito et al., 2020).

To sum up, urbanization is associated with important changes in the
prevalence and diversity of pathogens that are not homogenous and vary
depending on the parasite genera. While urban birds had a reduced
infection prevalence by Leucocytozoon, no differences were found for
Plasmodium and Haemoproteus. A higher number of Plasmodium lineages
were present in blackbirds living in European cities compared with
nearby natural forests, but the opposite pattern was found for Leucocy-
tozoon. Among other factors, the capacity of the vectors to sustain sig-
nificant populations in cities may explain such taxon-dependent results,
highlighting the need to consider the different ecologies of these three
genera in future studies (Jiménez-Penuela et al., 2021; Pérez-Rodriguez
et al., 2013). Interestingly, some particular parasitic lineages were
exclusively detected in birds from one of the two habitat types sug-
gesting that urbanization can play an important role modifying the in-
teractions between birds, vectors and parasites.
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Fig. 3. Plot of the first two axis of a correspondence analysis of the Plasmodium, Haemoproteus and Leucocytozoon lineages found in the five paired urban and forest
localities in Europe. Each locality symbol is plot near the more frequently detected lineages. The first dimension of the correspondence analyses was related to the
geographical distribution of the localities, while the second dimension was lower for the forest than for the urban localities.

Table 3

Number of lineages of Plasmodium, Haemoproteus and Leucocytozoon found at each forest/urban locality and lineage richness estimated through rarefaction curves.
Locality Plasmodium Haemoproteus Leucocytozoon

Obs. Estimated Obs. Estimated Obs. Estimated

Turku (Finland) 1/2 1/1.61 1/3 1/2.35 5/0 3.07/0
Dijon (France) 1/3 1/2.27 2/1 2/0.96 2/1 2/0.64
Madrid (Spain) 1/2 1/1.48 1/1 1/0.48 4/2 3.05/1.89
Granada (Spain) 1/2 1/1.99 1/1 1/0.48 5/1 3.38/0.97
Sevilla (Spain) 1/2 0/1.76 0/1 0/0.52 3/3 2.42/1.89
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