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RESUMO

A hipotese de “sele¢cdo mediada por parasito” postula que parasitos reduzem
a atratividade de individuos e prejudicam seu sucesso reprodutivo. Esta hipdtese foi
alvo de diversos estudos, porém os resultados ainda sao divergentes em relagao ao
comportamento e morfologia das aves. O sabia-coleira € uma espécie abundante na
Floresta Atlantica, exibe garganta branca com listras negras, colar branco e peito
cinza, e apresenta alta prevaléncia de hemoparasito, 0 que o torna um bom modelo
para avaliar o efeito do parasitismo em caracteres secundarios, neste caso, a
coloracédo da plumagem. O objetivo deste estudo é identificar os hemoparasitos que
ocorrem na populagéo de sabia-coleira, assim como avaliar o efeito da infeccdo nos
caracteres sexuais secundarios. Propusemos que a prevaléncia de hemoparasito:
esta relacionada com a idade; apresenta relacdo com a condigdo de saude dos
individuos; e influencia negativamente caracteristicas potencialmente atrativas para
parceiros reprodutivos. Realizamos o estudo no Mddulo Rio Cachoeira, Antonina,
PR. em campanhas trimestrais. Capturamos as aves com redes de neblina,
marcamos os individuos com anilhas, identificamos sexo e idade quando possivel, e
medimos o comprimento do tarso, massa corporal e musculo toracico. Coletamos
sangue por puncdo da veia braquial para fazer laminas de esfregagos e analise
molecular. Os esfregagos foram observados em microscopia para identificagdo de
parasitos e contagem de heterofilos e linfécitos enquanto o restante do sangue foi
utilizado para realizar PCR aninhada para detecgao e identificacdo das linhagens de
hemosporideos. Medimos o brilho das penas por meio de fotografia digital de cada
individuo, juntamente com uma escala de cinza cujos valores de refletancia sao
conhecidos. Relacionamos a prevaléncia e intensidade de infecgcdo de parasitos
com a condi¢cao de saude e coloragdo da plumagem de cada individuo utilizando
modelos lineares generalizados. A intensidade de infecgdo de hemosporideos e
microfilaria foram maiores em individuos com menor indice de massa corporal.
Também encontramos relagédo positiva entre a coloragdo da garganta e prevaléncia
de hemosporideos, mas nao encontramos relagao entre microfilaria, condicdo de
saude e coloragdo da plumagem do sabia-coleira. Estes resultados sugerem que
hemoparasitos afetam a saude do sabia-coleira de acordo com a intensidade de
infeccdo ja que apresentam condigbes morfologicas e imunologicas semelhantes
entre infectado e nao-infectado tanto na juventude quanto na fase adulta, e que a
coloragdo mais evidente da garganta de individuos infectados pode ser um sinal de
resisténcia aos hemosporideos. Nosso estudo evidencia que hemoparasitos afetam
a coloragdo da plumagem de forma contraria a hipétese da “selegdo mediada por
parasito” e a intensidade de infecgdo de parasitos apresenta relagao negativa com a
condicdo corporal. O mesmo se aplica para microfilaria, pesquisas testando como a
coloracdo da plumagem age na atratividade sexual de sabia-coleira poderiam nos
trazer maior entendimento sobre o papel deste caractere secundario na escolha de
parceiros.

Palavras-chave: Sabia-coleira. Hipétese de Hamilton & Zuk. Hemoparasito.



ABSTRACT

The “parasite-mediated selection” proposes that parasites reduce individual
attractiveness affecting reproductive success. This hypothesis was the focus of many
studies however the results are still diverging regarding bird behavior and
morphology. The White-necked Thrush is a wide spread Atlantic Forest bird, it
exhibits white throat with black stripes, white collar and gray chest, and presents a
high prevalence of hemoparasites, features that make it a good model to evaluate
the effects of parasites in sexual secondary characters, in this case, plumage
coloration. Our objectives are: identify the hemoparasites of a White-necked Thrush
population and test the “parasite-mediated selection” hypothesis. We believe the
hemoparasite prevalence affects individuals health condition and has a negative
influence on potential secondary sexual characters. Mist-nets were used to capture
and band individual birds. Birds were identified regarding their age, whenever it was
possible, and tarsus length, body mass and pectoral muscle were measured. Blood
slides were prepared and observed in microscope to detect and count
hemoparasites. We also counted white blood cells, while the remaining blood was
used to perform a nested-PCR to detect and identify haemosporidians. We
calculated individuals feather brightness of throat, collar and chest using digital
photography with a gray standard scale placed in the same surface as the bird. We
used generalized linear model to relate health condition and hemoparasite
occurrence, and also to test the effect of hemoparasite prevalence and health
condition on plumage coloration. The prevalence of haemosporidians affected
positively throat brightness, and intensity of infection of haemosporidians and
microfilaria was higher in hosts with lower body mass condition. Nevertheless, we did
not find any relationship between microfilaria occurrence, intensity of haemosporidian
infection and plumage coloration of White-necked Thrush. Hemoparasites might
affect White-necked Thrush health according to the intensity of infection, since body
and immunological condition were not affected by prevalence. Moreover, the higher
throat brightness on infected individuals might be a signal of resistance to
haemosporidian and that intensity of hemoparasites infection is related with body
condition. The same applies to microfilariae. Our study highlights that hemoparasites
affect the plumage coloration in other direction than expected by “parasite-mediated
selection”. We hope that our findings encourage others researches to investigate
what is the value of the plumage coloration in communication in the White-necked
Thrush and to understand the role of haemosporidians in individuals’ interactions.

Key-words: White-necked Thrush. Hamilton & Zuk Hypothesis.
Hemoparasite.
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1 INTRODUCTION

Host-parasite relation benefits one of the organisms and harms the other (Pianka,
1994). Hosts develop responses to combat pathogens using resources that could be
allocated to other activities essential to life, such as foraging, predation avoidance,
and reproduction (Anderson & May, 1979; Lochmiller & Deerenberg, 2000).
Pathogens can influence the individual fithess (Hayworth et al., 1987; Foreyt, 2001;
Valkiunas, 2005), impact population demography (van Ripper et al., 1986; Tompkins
& Begon, 1999) and play an important role at the community and ecosystem levels
(Ricklefs & Renner, 2012; Wood & Johnson, 2015).

The negative consequences of parasites upon their hosts (Zuk, 1991; Hill &
Brawner Ill, 1998; Costa & Macedo, 2005; Fulop et al., 2016) drove Hamilton and
Zuk (1982) to propose the "parasite-mediated selection" hypothesis. According to this
hypothesis, individuals that are resistant to parasites would present more striking
secondary sexual characteristics to indicate their healthier condition. To preserve
themselves and offspring against parasitism, females may use these indicators to
choose a partner, thus ensuring descendants with better fithess through inheritance
of “good genes” (Hamilton & Zuk, 1982).

Birds are the most used study-group to test the influences of parasites on
attractiveness (Hamilton & Poulin, 1997; Balenger & Zuk, 2014) because they host
innumerous parasites (Hadley, 1916; Boyd, 1951; Valkiunas, 1997; Bentz et al.,
2006; Belo et al., 2011) and have complex vocalizations, displays, and plumage
coloration (Zuk, 1991). Despite parasite-mediated hypothesis has been broadly
tested on birds, the results are still divergent, showing null (Gibson, 1990; Read &
Weary, 1990, Hamilton & Poulin, 1997, Edler et al., 2004; Mougeot et al., 2009),
positive (Korpimaki et al., 1995, Henschen et al., 2017) or negative effects of
parasites on secondary sexual characters (Clayton, 1990; Mdller, 1990; Aguilar et al.,
2008; Bosholn et al., 2016).

Haemosporidians are the commonest birds’ hemoparasites (Sloss et al., 1999,
Foreyt, 2001), responsible for causing avian malaria. Their virulence varies according
to the species, however they are considered mostly as “moderated virulent” at the
acute phase (Valkiunas, 2005). Their infection can affect host physiological functions,

such as thermoregulation (Hayworth et al., 1987), fat storage (Valkiunas, 1997) and
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telomere shortening (Ashgard et al., 2016), as well as behavior (e.g. escape and
foraging; Valkiunas, 2005).

Regarding the effect of parasites on bird plumage attractiveness, most studies are
focused on carotenoid-based coloration (eg. Hill, 1990; Baeta et al., 2008; Dias et al.,
2015). However, literature emphasizes that melanin-based coloration can also be
condition-dependent (Jawor & Breitwisch, 2003; Griffith et al., 2006; Béziers et al.,
2017), as well as related to mating and reproductive success (Bokoni et al., 2003;
Tarof et al., 2005 and Kingma et al., 2008, Aimasi et al., 2013). Thus, the quality of
melanin coloration in plumage can also be considered an honest signal (Jawor &
Breitwisch, 2003) and a potential trait to test for the effects of parasites in birds’
conspicuousness. Here we studied the hemoparasite diversity and tested their
effects on the White-necked Thrush (Turdus albicollis), a Brazilian Atlantic Forest
understory bird (BirdLife, 2015). This is a social monogamous Thrush (Snow & Snow,
1963) — but that also present extra-pair paternity (Biagolini-Jr et al., 2016) — with a
breeding season lasting at least four months (Snow & Snow, 1963; Biagolini-Jr et al,
2016). It has a contrasting black and white stripes in the throat, a white collar and
grayish chest (Ridgely et al., 2015), a contrasting plumage coloration in relation to its
habitat (Snow & Snow, 1963). We focused on the contrast between the melanin-
based colored plumage (such as the black and gray) and white, assuming it is an
important signal of the individuals’ condition at same time that influences its
competitiveness and sexual attractiveness (Hauser, 1997; Roulin, 1999; Roulin et al.,
2001).

Despite the high bird diversity in Brazil (Piacentini et al., 2015), only few
studies of bird-parasite interaction were carried out, mostly related to the
understanding of abundance, distribution, and parasite prevalences (e.g. Marini et
al., 1996; Lima et al., 2010; Fecchio et al., 2011; Daud et al., 2015; Ferreira-Junior et
al., 2017). Nonetheless, investigations of parasite effects on sexual characters in the
Brazilian Atlantic Forest are still scarce (Costa & Macedo, 2005; Aguilar et al., 2008;
Dias et al., 2015; Bosholn et al., 2016). In this study, we identified the hemoparasites
of a White-necked Thrush population and tested the hypothesis that infection would
negatively affect the plumage coloration, morphological traits and immunological
condition. We expected that infected individuals would have relatively reduced throat
and collar brightness, lower body mass relative to the skeletal size (hereafter, body

mass index), and a higher immunological stress response.
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2 METHODOLOGY

2.1 STUDY AREA AND GENERAL PROCEDURES

The study area is located at Reserva Natural Guaricica (22J 735218E
7201341S; Figure 1), Antonina-PR (Brazil). The reserve is located in an important
continuous Atlantic Forest region between Sdo Paulo and Parana states, and the
region is one of the most conserved patches of this biome in Brazil (Ribeiro et al.,
2009). It is composed by dense rainforest with humid subtropical weather (Cfa at
Koppen classification), annual mean temperature of 20.5°C and annual mean rainfall
of 2778mm (Vanhoni & Mendonga, 2008).

FIGURE 1 — MAP OF THE STUDY AREA. IN A, A REPRESENTATION OF SOUTH
AMERICA, BRAZIL AND THE ATLANTIC FOREST BIOME (SHADED AREA); IN B, FOREST

REMNANTS (SHADED AREA) AND LIMITS OF THE RESERVA NATURAL GUARICICA (RNG), AND
IN C, THE 14 SAMPLING POINTS, INCLUDING PBIOMA MODULE

We conducted quarterly samples from September 2016 and July 2017 using a
standardized protocol from Programa de Pesquisas em Biodiversidade (PPBioMA).
We used mist-nets to capture and band individual birds, which were identified at
species level. Age was identified based on plumage coloration and cranial
ossification. For each individual we measured tarsus length with caliper (0.05mm)
and body mass with a spring scale (0.1g). We calculated body mass index (BMI) for
each individual as the residuals from the linear regression between body mass and
tarsus length (Peig and Green, 2009), values above the regression curve indicating
better body condition.

Pectoral muscle size (PM) was obtained using a 0 to 3 scale that used the
prominence of the sternal keel as reference (Ritchie et al., 1994), we considered 0 for
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stunted muscle (evident sterna keel) and 3 for more developed muscle (hidden
sternal keel). Blood (~30pl) was obtained by puncturing the brachial vein with a
hypodermic needle and collected using capillary tubes (Owens, 2011). Blood smears
were prepared and fixed with 100% methanol in the field, and stained in lab using
with GIEMSA solution (Valkiunas, 2005). The remaining blood was stored in a plastic
container with Queen’s Lysis Buffer solution to preserve DNA (Seutin et al., 1991).

2.2 PHOTOGRAPHY PROCEDURES

Photographs were taken from the ventral surface to measure feather
coloration of the chest and throat (Figure 2), using a Canon EOS Rebel T3i with 18-
50mm lens. We used a tripod to fix the camera face down over a horizontal platform.
Photographs were taken under natural light condition with focal distance of 40cm and
manually fixed configurations of aperture (f/5.0), ISO (400) and zoom (18mm). We
set shutter speed to automatic and photographs were taken s using a 3s timer to
prevent camera movements and undesirable shadows (Stevens et al., 2007). In
order to avoid low luminosity, photographs were always taken one hour after sunlight
or one hour before sunset. To control for light condition, we used a gray standard
card (QPCard 101, 18% of reflectance) placed in the same surface as the bird, thus
enabling the comparison of images taken from different sample sites and periods
(Stevens et al., 2007).

FIGURE 2 — LEFT: PHOTOGRAPH OF THE VENTRAL SURFACE OF TURDUS
ALBICOLLIS AND A GRAY STANDARD CARD; RIGHT: REGIONS OF INTEREST

All images were made in RAW format, which is uncompressed and thus
preserve color information (Stevens et al., 2007). We used MicaToolBox (Troscianko
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& Stevens, 2015) to create linearized and normalized multispectral images of red (R),
green (G) and blue (B) and to calculate the reflectance of each spectrum. We
selected areas of the throat, the collar and the chest as regions of interest (ROlIs;
Figure 2). The black and white striped throat, white collar and gray chest of the
White-necked Thrush have achromatic colors and thus have only brightness variation
(sum of R, G and B reflectance; Kelber et al., 2003). Therefore, we considered only
brightness as the color variable in this study. For each sampled bird, we estimate the
throat and collar brightness. The first value was calculated as the difference in
brightness between the light background and dark stripes and the latter as the
difference in brightness between the white collar and gray chest. We used the default
settings of the Adaptative Thresholding plug-in for multispectral images in ImageJ
(Rasband, 2014), which outline automatically the dark stripes and the throat

background color (Figure 2) before calculating the brightness.

2.3 MICROSCOPY PROCEDURE

Light microscopy was used to detect and count hemoparasites and leukocytes
from blood slides. In each slide, we examined 100 fields at 400X magnification to
detect extracellular parasites, and 200 fields at 1000X magnification to detect
intracellular parasites parasites, such Haemoproteus and Plasmodium, following
Valkiunas (2005). Leukocytes were counted in 100 fields at 1000X magnification. We
only sampled areas in the slide where cells formed a monolayer. We used leukocytes
count to calculate heterophil/lymphocyte ratio (H/L). This ratio is reliable measure of
stress condition, and animals under higher stress will present higher ratios (Davis et
al., 2008). We calculated the prevalence of each hemoparasite group using the ratio
between numbers of infected samples and the number of analyzed samples.
Infection intensity for each parasite group was calculated as the proportion of the
number parasites observed per the number of fields analyzed. We present results as
the maximum and minimum values among individuals sampled, mean and standard

deviation.

24 MOLECULAR PROCEDURE

We used molecular procedures to increase the detectability of
haemosporidians and to identify lineages. We extracted DNA from bird blood
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samples using protocols of the Puregene®DNA Isolation Kit. We amplified a DNA
fragment with 478bp located in cytochrome b of the haemosporidian using a nested
Polymerase Chain Reaction (nested PCR; Hellgren et al., 2004). We used HaemNF
and HaemR3 as primers for the first reaction and, for the nested reaction, primers
HaemF and HaemR2 (Bensch et al., 2000).

In the first reaction, we prepared a working volume of 25pl with 2pl (50-100ng)
of extracted DNA and in the second reaction we included 1ul of amplified DNA as
template. In both reactions, we used 1x buffer, 4 mM of MgCI2, 0.3 mM of each
dNTP, 1 unit of Taqg (Phoneutria, Belo Horizonte, Brazil), 0.4 mM of each primer, and
nuclease-free water in 25l reaction volumes. In each plate, we included one positive
control containing Plasmodium gallinaceum DNA to certify successful DNA
amplification and one negative control (ultrapure water) to identify potential
contamination during the process. Reactions were performed in a SimpliAmpli
Thermal Cycler by Apllied Biosystem. The first reaction was programmed to
denaturate samples for 3 min at 94°C, followed by 25 cycles of 94°C for 30 s, 50°C
for 30 s and 72°C for 45 s, with a terminal step of 72°C for 10 min. The first reaction
included 25 cycles and the second, 35 cycles. We purified the positive nested PCRs
with Polyethylene Glycol 8000 (Fallon et al., 2003) and sequenced it bi-directionally
using dye-terminator fluorescent labeling in an ABI Prism 3100 sequencer (Applied

Biosystems, Foster City, United States).

2.5 PHYLOGENETIC ANALYSIS

We aligned and edited the DNA sequences with ChromasPro (Technelysium
Pty Ltd. Helensvale, Australia), and compared with lineages available in Genbank
and MalAvi databases (Bensch et al., 2009). Different cytochrome b lineages were
defined by at least one nucleotide variation among sequences.

We used MRBayes 3.2.2. (Ronquist & Huelsenbeck, 2003) to construct a
Bayesian phylogenetic tree under the GTR+|+G model of nucleotide evolution, as
suggested by ModelTest (Posada & Crandall, 1998), with Leucocytozoon caulleryi as
the outgroup. We simultaneously ran two Markov chains for 5 million generations,
sampling every 1000 generations. We used the first 1250 trees as burn-in and used
the remaining trees to calculate the posterior probability of each estimated node of

the consensus tree.
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2.6 STATISTICAL ANALYSIS

We ran three generalized linear models (GLM) to analyze the effect of
morphological and stress condition on the occurrence of the hemoparasites. We
considered occurrence (0 or 1) and infection intensity (count) of hemoparasites as
dependent variables and age, BMI, PM, H/L and coinfection as independent
variables.

In the first model, we used binomial distribution with log link function and
considered as dependent variable the results of haemosporidian occurrence based
on data from nested-PCR analysis. To perform de second model, we opted to use
zero-inflated mixture model with Poisson distribution and considered the results of
haemosporidians occurrence and intensity of infection as dependent variable. We
excluded PM and coinfection of the haemosporidian intensity of infection’ analysis
due the low number of samples. The third model was related to extracellular
parasites occurrence and infection intensity detected through microscopy analysis
using zero-inflated mixture model with negative binomial distribution. The zero-
inflated mixture model allows analyzing count data with excess of zeros values and
overdispersion and provides two outputs as result: one based on presence and
absence (logistic regression) and another with count data solely considering the
positive values (Lim et al., 2014).

We ran two linear regressions for each feather brightness variable (throat and
collar brightness) to associate with BMI, PM, H/L and the presence of hemoparasites.
For these analyses, we only used adults’ data because juveniles present different
plumage coloration (Perrins, 2003; Sigrist, 2013) and thus may not provide
comparable data. We used a backward stepwise model selection process based on a
hypothesis testing approach (F test and P-values) for selecting the best model. In
each step, we generated models dropping one variable at a time, and compared F
statistics of the full and reduced models. We then followed the selection procedure
using the model with the best fit as new reference, until reaching a final model
retaining only the most important variables. This selection method proved being
capable to identify which variables are important to yield a predictor model
(Murtaugh, 2009). To understand how the intensity of infection of hemoparasites

affect the plumage coloration, we tested the relationship between the positive
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samples of hemoparasites detected on microscopy analysis and the plumage
coloration results using Pearson's Correlation Test.

Before generating the models, we identified the distribution of each dependent
variable and tested for collinearity between independent variables. Graphics are
often the most informative method to identify outliers and to check the assumptions
of multiple linear regressions and GLMs (Quinn & Keough, 2002; Zuur et al., 2009).
Thus, we used traditional graphical techniques (Q-Q plot, fitted values by raw
residuals and Cook’s distance) to check for residuals distribution and influential

observations. All statistical analysis was performed in R Core Team (2017).

3 RESULTS

We captured 54 Turdus albicollis individuals, of which 43 adults and 11
juveniles. We analyzed 45 blood smear slides (37 adults and 8 juveniles) and
amplified 53 DNA samples (42 adults and 11 juveniles). Haemosporidian prevalence
was similar between adults and juveniles (Table 1). All positive blood smear slides (n
= 11) were also positive in PCR analyses, and we only identified Plasmodium sp. in
both methods. Microfilaria prevalence was higher among adults than juveniles (Table
1). Trypanosoma infected only two adults. Nine adults and one juvenile presented co-
infection of microfilaria and Plasmodium (Table 1), but haemosporidian and

microfilaria prevalence were independent.

TABLE 1 — HEMOPARASITES PREVALENCE IN ADULTS (N=37) AND JUVENILES (N=8) FROM
THE STUDIED POPULATION OF TURDUS ALBICOLLIS (N=45). *N=42 ADULTS AND 11
JUVENILES SAMPLED. WE PRESENT THE NUMBER OF INFECTED INDIVIDUALS AND;

PORCENTAGE (IN PARENTHESIS)

Hemoparasite Adults Juveniles Total
Plasmodium* 17 (40.4%) 4 (36.4%) 21 (39.6%)
Microfilaria 21 (56.7%) 1(12.5%) 22 (48.8%)
Trypanosoma 2(5.4%) 0(0%) 2 (4.4%)
Plasmodium + Microfilaria 8 (21.6%) 1(12.5%) 9 (20%)
Plasmodium + Microfilaria + Trypanosoma 1(2.7%) 0 (0%) 0 (2.2%)

Microfilaria + Trypanosoma 1(2.7%) 0 (0%) 0 (2.2%)
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The Plasmodium infection intensity in adults varied from 0.5 t0 9.0% (X = 3.3 £
1.6%, n = 9), and the two positive juveniles on microscopic analyses had infection
intensity of 6.0 and 7.5%, respectively. Microfilaria infection intensity in adults varied
from 1.0% to 30.0% (X = 11.3 £ 7.9%, n = 21) and the only juvenile infected had
intensity of 1.0%. Trypanosoma was observed in two adults, with infection intensity of
2.0 and 3.0% (Figure 3).

FIGURE 3 - HEMOPARASITES IN BLOOD SMEAR SLIDES OF TURDUS ALBICOLLIS SAMPLES.
A: PLASMODIUM SP.; B: TRYPANOSOMA SP.; C: MICROFILARIA

AT - o "":1

3.1 PHYLOGENETIC ANALYSIS

We were able to sequence 12 samples of haemosporidian lineages, to identify
a total of four different parasite lineages infecting T. albicollis and deposited one new
parasite lineages in GenBank. Only parasites of the Plasmodium genera were
detected and the sequencing results revealed that eight individuals were infected by
the subgenus Haemoamoeba sp. (P_clone2), two individuals hosted TUMIGO3
lineage (lineage from Turdus migratorius), one presented P. nucleophilum, and the
new lineage TUALBO1 were found in one T. albicollis individual (Figure 4).
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FIGURE 4 — BAYESIAN PHYLOGENETIC TREE SHOWING THE RELATIONSHIPS BETWEEN
PLASMODIUM SPP. DETECTED IN TURDUS ALBICOLLIS. RED: DETECTED LINEAGES; BLACK:
COMPARATIVE LINEAGES FOUND IN BRAZILIAN SAVANNA; GRAY: OUTGROUP,
LEUCOCYTOZOON CAULLERYI; PLASMODIUM LUTZI (P_lutzi), BAFLAO3 AND BAFLA04 WERE
FOUND ON BIRDS AT BRAZILIAN SAVANNA.

BAFLA03

P_nucleophilum

BAFLA04

— TUMIGO3

P_lutzi

P_clone2

L_caulleryi

0.02

3.2 CORRELATES OF HEMOPARASITE INFECTION WITH BODY MASS INDEX
AND STRESS CONDITION

The body mass index was negatively related to intensity of microfilaria
infection (Table 2), however none of independent variables affected the prevalence

of microfilaria.
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TABLE 2 - RESULTS OF THE ZERO INFLATED NEGATIVE BINOMIAL REGRESSION OF
MICROFILARIA OCCURRENCE (BINOMIAL) AND COUNT (TRUNCATED NEGATIVE BINOMIAL)
ON BLOOD SMEAR SAMPLES OF TURDUS ALBICOLLIS IN RELATION TO AGE,
MORPHOLOGICAL TRAITS, STRESS CONDITION AND COINFECTION WITH PLASMODIUM. DF:
DEGREES OF FREEDOM FROM EACH VARIABLE X*: QUI SQUARE TEST; P: P-VALUE; H/L
RATIO: HETEOPHIL/LYMPHOCITE RATIO

Binomial Truncated Negative Binomial
Model coefficients DF Likelihood Ratio Test X2 P Likelihood Ratio Test X2 P
Age 1 -82.55 1.14 0.29 -81.98 <0.01 0.99
Pectoral Muscle Size 3 -82.62 1.28 0.74 -83.91 3.86 0.28
H/L ratio 1 -82.30 0.65 0.42 -82.91 1.86 0.17
Body Mass Index 1 -82.01 0.07 0.79 -86.19 8.43 <0.01
Coinfection 1 -81.99 0.03 0.86 -82.94 1.93 0.17

Plasmodium infection intensity was related to body mass index and age (Table
3). Juveniles have higher infection intensity than adults, and infection increased with
lower body mass index. The other independent variables did not present any relation

to parasite occurrence (p > 0.05; Table 3).

TABLE 3 — RESULTS OF THE ZERO INFLATED POISSON REGRESSION FOR PLASMODIUM
OCCURRENCE (BINOMIAL) AND COUNT (TRUNCATED POISSON) ON BLOOD SMEAR
SAMPLES OF TURDUS ALBICOLLIS IN RELATION TO AGE, MORPHOLOGICAL TRAITS AND
STRESS CONDITION. Df: DEGREES OF FREEDOM FROM EACH VARIABLE X*: QUI SQUARE
TEST; P: P-VALUE; H/L RATIO: HETEOPHIL/LYMPHOCITE RATIO

Binomial Truncated Poisson
Model coefficients DF Likelihood Ratio Test X2 P Likelihood Ratio Test X2 P
Age 1 -37.52 0.26 0.61 -43.42 12.06 <0.01
H/L ratio 1 -37.40 0.02 0.88 -37.94 1.09 0.30
Body Mass Index 1 -3746 0.14 0.71 -39.57 436 0.03

3.3 EFFECTS ON PLUMAGE COLORATION

Throat brightness was related to Plasmodium infection (r* = 0.16, Fy 39 = 7.25,
p = 0.01), but not to microfilaria infection, BMI or H/L (Supplementary Material).
Throat brightness was higher in infected than in non-infected individuals (Figure 5).
However, the collar brightness did not depend on infection by parasites, neither did
morphology and stress condition (all variables with p > 0.05 in all selection steps;

Supplementary Material).

FIGURE 5 - MEAN AND CONFIDENCE INTERVAL OF THROAT BRIGHTNESS ON INFECTED
(N=16) AND NON-INFECTED (N=25) INDIVIDUALS
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Considering only the positive samples of parasites detected in blood smears,
the plumage coloration did not relate to intensity of microfilaria infection (throat
brightness: r = 0.01, df = 19, p = 0.98; collar brightness: r = 0.01, df = 19, p = 0.98),
neither to intensity of Plasmodium infection (throat brightness: r = -0.1, df = 6, p =
0.82; collar brightness: r =-0.16, df =6, p = 0.7).

4 DISCUSSION

Our results revealed that the plumage coloration of the White-necked Thrush
is related to parasite infection, such that the throat brightness was higher on
individuals infected by Plasmodium than in non-infected. However, the collar
brightness, the morphological and immunological variables did not differ between
these individuals. Our study also revealed a relationship between infection intensity
and body mass index of both parasites, Plasmodium and microfilaria. In our samples,
T. albicollis was particularly susceptible to P. relictum, which occurred in four
individuals from the 12 identified haemosporidians lineages.

The subgenus Haemoamoeba can be found in all continents except Antartica,
it presents several lineages and hosts a wide range of bird species (Valkiunas,
2005). Thrushes usually are chronic infected by this haemosporidian and may act as
reservoirs (Tompkins & Gleeson, 2006), which contribute to the maintenance of

Haemoamoeba sp. in nature. The high prevalence of Haemoamoeba sp. in our
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phylogenetic analysis indicates that White-necked Thrush might be a reservoir of this
hemoparasite as well.

We found a negative relationship between parasite infection intensity and body
mass index, and that juveniles presented higher intensity of Plasmodium infection,
but we did not find a relationship between prevalence and age, coinfection, and
health condition. During the first haemosporidian infection, the host presents higher
parasitemias and increased loss on body and immunological condition (Cellier-
Holzem et al., 2010; Atkinson et al., 2001). Juveniles were born a few months before
our sampling, therefore it is likely that it was their first infection by Plasmodium,
resulting in higher infection intensity. Birds are commonly chronically infected in
natural condition and may maintain infection at low intensities (Bennet et al., 1993;
Valkiunas, 2005) without pathogenicity (Atkinson & van Ripper, 1991). However,
under stress condition, the chronic infection may relapse and affect hosts'
parasitemia and fithess (Weatherhead & Bennet, 1991). Our result of reduced body
mass in individuals with higher infection intensity indicates that parasites are costly to
the host depending on the parasitemia but not on the occurrence of the parasite, a
statement supported by the similar health condition found in the infected and non-
infected groups (Merino et al., 2000; Westerdahl et al., 2013). The studied White-
necked Thrush population might represent chronic infected hosts since they had high
prevalence, relatively low Plasmodium infection intensity, and no apparent difference
in body or immunological condition between infected and non-infected individuals.

Our results on plumage coloration did not support Hamilton & Zuk hypothesis
(1982), which predicts that sexual characters are positively related to parasite
resistance. In contrast, we observed that the difference in brightness between the
white background and the black stripes in the T. albicollis plumage is more apparent
in individuals infected by Plasmodium. This result might indicate that some
individuals of White-necked Thrush could bear the infection and more extravagant
plumage coloration could signal increased resistance (Westerdahl, 2007; Heschen et
al., 2017). Haemosporidians are known to present a moderate virulence in acute
phase (Valkiunas 2005) — especially Plasmodium (Atkinson & van Riper, 1991) — and
demonstrated to be lethal to passerines in experimental (Atkinson et al., 2001;
Williams 2005; Cellier-Holzem et al., 2010) and natural conditions (van Ripper et al.,
1986). They are also responsible for the reduced breeding success (Korpimaki et al.,
1995; Merino et al., 2000; Asghar et al., 2011; Asghar et al., 2015), body condition
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(Cellier-Holzem et al., 2010; DeGroote & Rodewald, 2010) and immunological
condition (Palinaskas et al., 2008). The virulence of Plasmodium could be severe to
White-necked Thrush as well, and individuals with more contrasted throat brightness
might be the ones that had overcome the acute phase and survived, but unable to
clear the infection (i.e. selective mortality;, see Henschen et al.,, 2017). Hence,
considering that Hamilton & Zuk hypothesis predicts a positive correlation between
resistance and ornamentation, an interaction between host and lethal parasites will
favour individuals that survive after infection, and striking plumage coloration would
be an honest signal of its immunological capacity.

Alternatively, the throat brightness in White-necked Thrush could only be a
sexual cue and not necessarily a signal (Szamadod, 2011) because Thrushes likely
have other traits influencing mating selection such as song (Shutler, 2011) and
territory quality (Hauser, 1997; Siefferman & Hill, 2005). In fact, Thrushes are
songbirds with complex vocalization (Ince and Slater, 1985; Lavinia-Oblanca &
Tubaro, 2012), and the White-necked Thrush has particularly longer song elements
than other Neotropical Thrushes, possibly to optimize sound propagation and
enhance communication efficiency in dense understory vegetation (Nemeth et al.,
2006). Such acoustic signal might be costly and impose a trade-off between the
investment in plumage coloration and vocalization (Badyaev et al., 2002; Shutler,
2011). Under stress conditions, such as those caused by parasitism, vocalizations
then could be more prone to effects of reduced physiological investment than
plumage coloration (Spencer et al., 2005).

Interestingly, we found the highest microfilaria prevalence reported for
Neotropical Thrushes so far (White et al., 1978; Bennet & Lopes, 1980; Rodrigues &
Mata, 2001; Valkiunas et al., 2003; Silveira et al., 2010; Sebaio et al., 2011). The
epidemiology of microfilaria is still unknown for bird species from the Brazilian
Cerrado biome (Silveira et al., 2010) and, to our knowledge, the Atlantic Forest as
well. Although filarial nematodes are considered harmless to wild birds even in high
infection intensity (Tsai et al., 1992; Campbel, 1995), we found a relationship
between microfilaria infection intensity and host’s body mass index. However, we
lack knowledge whether individuals with reduced body mass are more prone to be
infected or if filarial nematodes affect host fitness.

In conclusion, our results indicate that the melanin-based coloration of the

White-necked Thrush can be used as an indicator of haemosporidian infection.
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However, it remains unknown if this trait is useful as a mate choice signal that
demonstrates parasite resistance or if just a cue about any other individual quality.
Despite T. albicollis being widespread and reasonably common in the Atlantic Forest
(Sick, 1998; Ridgely et al., 2015), information regarding this species is still lacking
and mostly focused on vocalization (Nemeth et al., 2006; Lavinia-Oblanca & Tubaro,
2012) and ecological interactions (Storni et al., 2005; Gasperini & Pizo, 2009; Lopes
et al., 2014). Considering the remarkable deficiency of sexual selection studies on
Atlantic Forest birds (e.g. Auer et al., 2007; Cestari et al., 2017; Xiao et al., 2017), we
hope our findings encourage other researches to investigate the value of plumage
coloration in communication in the White-necked Thrush and to understand the role

of haemosporidians in individuals’ interactions.



28

5 BIBLIOGRAPHY

Anderson, R.M. & May, R.M. (1979). Population biology of infectious diseases, part I.
Nature 280: 361-367.

Aguilar, T.M., Maia, R., Santos, E.S.A. & Macedo, R.H. (2008). Parasite levels in
blue-black grassquits correlate with male displays but not female mate
preference. Behavioral Ecology 19: 292-301.

Almasi, B., Roulin, A. & Jenni, L. (2013). Corticosterone shifts reproductive behavior
towards self-maintenance in the barn owl and is linked to melanin-based
coloration in females. Hormones and Behavior 64:161-171.

Asghar, M., Hasselquist, D. & Bensch, S. (2011). Are chronic avian haemosporidian
infections costly in wild birds? Journal of Avian Biology 42: 530-537.

Asghar, M., Hasselquist, D., Hansson, B., Zehtindjiev, P., Westerdahl, H. & Bensch,
S. (2015). Hidden costs of infection: chronic malaria accelerates telomere
degradation and senescence in wild birds. Science 347: 436—438.

Asghard, M., Palinauskas, V., Zaghdoudi-Allan, N., Valkilnas, G., Mukhin, A.,
Platonova, E., Farnert, A., Bensch, S. and Hasselquist, D. (2016). Parallel
telomere shortening in multiple body tissues owing to malaria infection.
Proceedings of the Royal Society of London Series B - Biological
Sciences 283:20161184.

Atkinson, A.K. & van Ripper, C. (1991). Pathogenicity and epizootiology of avian
hematozoa: Plasmodium, Leucocitozoon and Haemoproteus. In: Loye, E., Zuk,
M., editors. Bird—parasite interactions. — Ecology, evolution and
behaviour. Oxford Ornithology Series. Oxford University Press, Oxford, U.K.
406p.

Atkinson, C.T., Dusek, R.J. & Lease, J.K. (2001). Serological responses and
immunity to superinfection with avian malaria in experimentally-infected Hawaii
Amakihi. Journal of Wildlife Diseases 37: 20-27.

Auer, S.K., Bassar, R.D., Fontaine, J.J. & Martin, T.E. (2007). Breeding biology of
passerines in a subtropical Montane Forest in Northwestern Argentina. The
Condor 109: 321-333.

Badyaev, A.V., Hill, G.E. & Weckwort, B.V. (2002). Species divergence in sexually
selected traits: increase in song elaboration is related to decrease in plumage
ornamentation in finches. Evolution 56: 412-419.



29

Baeta, R., Faivre, B., Motreuil, S., Gaillard M. & Moreau, J. (2008). Carotenoid trade-
off between parasitic resistance and sexual display: an experimental study in
the blackbird (Turdus merula). Proceedings of the Royal Society of London
Series B - Biological Sciences 275: 427-434.

Balenger, S.L. & Zuk, M. (2014). Testing the Hamilton-Zuk hypothesis: past, present,
and future. Integrative and Comparative Biology 54: 601-613.

Belo, N.O., Pinheiro, R.T., Reis, E.S., Ricklefs, R.E. & Braga, E.M. (2011).
Prevalence and lineage diversity of avian haemosporidians from three distinct
Cerrado habitats in Brazil. PlosOne 6: e17654.

Bennett, G.F. & Lopes, O.S. (1980). Blood parasites of some birds from S&o Paulo.
Memérias do Insituto Oswaldo Cruz 75: 117-134.

Bennett, G.F. Peirce, M.A. & Ashford, R.W. (1993). Avian haematozoa: mortality and
pathogenicity. Journal of Natural History 26: 993-1001.

Bensch, S, Hellgren, O. & Pérez-Tris, J. (2009). MalAvi: a public database of malaria
parasites and related haemosporidians in avian hosts based on mitochondrial
cytochrome b lineages. Molecular Ecology Resources 9: 1353-1358.

Bensch, S. Stjernman, M. Hasselquist, D. Ostman, O. Hansson, B. Westerdahl, H. &
Pinheiro, R. T. (2000). Host specificity in avian blood parasites: A study of
Plasmodium and Haemoproteus mitochondrial DNA amplified from birds.
Proceedings of the Royal Society of London Series B - Biological
Sciences 267: 1583—-1589.

Bentz, S., Rigaud, T., Barroca, M., Martin-Laurent, F., Bru, D., Moreau, J. & Faivre,
B. (2006). Sensitive measure of prevalence and parasitaemia of haemosporidia
from European blackbird (Turdus merula) populations: value of PCR-RFLP and
quantitative PCR. Parasitology 133: 685-692.

Béziers, P., Ducrest, A., Simon, C. & Roulin, A. (2017). Circulating testosterone and
feather-gene expression of receptors and metabolic enzymes in relation to
melanins-based colouration in the barn owl. General and Comparative
Endocrinology 250:36-45.

Biagolini-dr C., Costa, M.C., Perrella, D.F., Zima, P.V.Q., Ribeiro-Silva, L. &
Franscisco, M.C. (2016). Extra-pair paternity in a netropical rainforest songbird,
the White-necked Thrush Turdus albicollis (Aves: Turdidae). Zoologia
33:€20160068.



30

BirdLife International. (2018). Species factsheet: Turdus albicollis. Downloaded from
http://www.birdlife.org on 09/01/2018.

Bokony, V., Liker, A. & Székely, K. (2003). Melanin-based plumage coloration and
flight displays in plovers and allies. Proceedings of the Royal Society of
London Serie B — Biological Sciences 270: 2491-2497.

Bosholn, M., Fecchio, A., Silveira, P., Braga, E.M. & Ancides, M. (2016). Effects of
avian malaria on male behaviour and female visitation in lekking Bluecrowned
Manakins. Journal of Avian Biology 47: 457-465.

Boyd, E.M. (1951). The external parasites of birds: a review. Wilson Bulletin 63:
363-369.

Campbell T.W. (1995). Avian Hematology and Cytology. 2"%d. lowa State
University Press, Ames. U.S.A. 101p.

Cellier-Holzem, E., Esparza-Salas, R., Garnier, S. & Sorci, G. (2010). Effect of
repeated exposure to Plasmodium relictum (lineage SCS1) on infection
dynamics in domestic canaries. International Journal of Parasitology 40:
1447-1453.

Cestari, C., Loiselle, B.A. & Pizo, M.A. (2017). Trade-offs in male display activity with
lek size. PlosOne 11: e0162943.

Clayton, D.H. (1990). Mate choice in experimentally parasitized Rock Doves: lousy
male lose. Integrative and Comparative Biology 30:251-262.

Costa, F.J.V. & Macedo, R.H.F. (2005). Coccidian oocyst parasitism in the blue-black
grassquit: influence on secondary sex ornaments and body condition. Animal
Behaviour 70: 1401-14009.

Davis, A.K., Maney, D.L. & Maerz, J.C. (2008). The use of leukocyte profiles to
measure stress in vertebrates: a review for ecologists. Functional Ecology 22:
760-772.

Daud, R.D., Hernandes, F.A. & Bispo, A.A. (2015). Wing feather mites (Acari:
Astigmata) on some Passeriformes (Aves) from state of Parana, Brazil. Revista
Brasileira de Ornitologia 23: 336-340.

DeGroote, L.W. & Rodewald, P.G. (2010). Blood parasites in migrating wood-
warblers (Parulidae): effects on refueling, energetic condition, and migration
timing. Journal of Avian Biology 41: 147-153.



31

Dias, R.l., Manica, L.T., Gressler, D., Bell, J.A. & Fecchio, A. (2015). Plumage
coloration, body condition and immunological status in Yellow-billed Cardinals
(Paroaria capitata). Ethology, Ecology & Evolution 28: 462-476.

Edler, R., Klump, G.M. & Friedl, TW.P. (2010). Do blood parasites affect
reproductive performance in male red bishops (Euplectes orix)? A test of the
Hamilton-Zuk hypothesis. Ethology, Ecology & Evolution 16: 315-328.

Fecchio, A., Lima, M.R., Silveira, P., Braga, E.M. & Marini, M.A. (2011). High
prevalence of blood parasites in social birds from a neotropical savanna in
Brazil. Emu 111: 132-138.

Ferreira-Junior, F.C., Rodrigues, R.A., Ellis, V.A., Leite, L.O., Borges, MA.Z. &
Braga, E.M. (2017). Habitat modification and seasonality influence avian
haemosporidian parasite distributions in southeastern Brazil. PlosOne 12:
e0178791.

Foreyt, W.J. (2001). Parasitologia veterinaria: manual de referéncia. 5% edigao,
Roca, Sao Paulo, Brasil. 248p.

Filép, A., Czirjak, G.A., Pap, P. L. & Vagasi, C. |. (2016). Feather-degrading
bacteria, uropygial gland size and feather quality in house sparrows Passer
domesticus. Ibis 158: 362-370.

Gasperin, G. & Pizo, M.A. (2009). Frugivory and habitat use by thrushes (Turdus
spp.) in a suburban area in south Brazil. Urban Ecosystems 12: 425-436.
Gibson, R.M. (1990). Relantionship between parasites, mating success and
phenotypic cues in male Sage Grouse Centrocercus urophasianus. American

Zoologist 30: 271-278.

Griffith,S.C., Parker, T.H. & Olson, V.A. (2006). Melanin- versus carotenoid based
sexual signals: is the difference really so black and red? Animal Behaviour 71:
749-763.

Hadley, P.B. (1916). Coccidia in subepithelial infections of the intestines of birds.
Bulletin of Agricultural Experiment of Rhode Station 166: 73-78.

Hamilton, W.D & Zuk M. (1982). Heritable true fitness and bright birds: A role for
parasites? Science 218: 384-387.

Hamilton, W.D. & Poulin, R. (1997). The Hamilton and Zuk hypothesis revisited: a
meta-analytical approach. Behaviour 134: 299-320.

Hauser, M.D. (1996). The evolution of communication. The MIT Press,
Cambridge, U.K. 761p.



32

Hayworth, A.M., Van Riper C. Ill & Weathers, W.W. (1987). Effects of Plasmodiurn
relicturn on the metabolic rate and body temperature in canaries (Serinus
canarius). Journal of Parasitology 73: 850-853.

Hellgren, O. Waldenstrom, J. & Bensch, S. (2004). A new PCR assay for
simultaneous studies of Leucocitozoon, Plasmodium, and Haemoproteus from
avian blood. Journal of Parasitology 90: 797-802.

Henschen, A.E., Whittingham, L.A. & Dunn, P.O. (2017). The relationship between
blood parasites and ornamentation depends on the level of analysis in the
common yellowthroat. Journal of Avian Biology 48: 1263-1272.

Hill, G.E. (1990). Female house finches prefer colourful males: sexual selection for a
condition-dependent trait. Animal Behaviour 40: 563-572.

Hill, G.E. & Brawner, W.R. Ill. (1998). Melanin—based plumage coloration in the
house finch is unaffected by coccidial infection. Proceedings of the Royal
Society of London B — Biological Sciences 265: 1105-1109.

Ince, S.A. & Slater, P.J.B. (1985). Versatility and continuity in the songs of thrushes
Turdus spp. lbis 127: 355-364.

Jawor, J.M. & Breitwisch, R. (2003). Melanin ornaments, honesty, and sexual
selection. The Auk 120: 249-265.

Kelber, A., Vorobyev, M. & Osorio, D. (2003). Animal colour vision - behavioural tests
and physiological concepts. Biological Reviews 78: 81-118.

Kingma, S.A., Szentirmai, |., Székely, T., Bokony, V., Bleeker, M., Liker, A. &
Komdeur, J. (2008). Sexual selection and the function of a melanin-based
plumage ornament in polygamous penduline tits Remiz pendulinus.
Behavioural Ecology and Sociobiology 62: 1277-1288.

Korpimaki, E., Tolonen P. & Bennet, G.F. (1995). Blood parasites, sexual selection
and reproductive success of European Kestrels. Ecoscience 2: 335-343.

Lavinia-Oblanca, P.D. & Tubaro, P.L. (2012). Song analysis of the south american
thrushes (Turdus) in relation to their body mass in a phylogenetic context.
Ornitologia Neotropical 23: 349-365.

Lim, H.K,, Li, W.K & Yu, P.L. (2014). Zero-inflated Poisson regression mixture model.
Computational Statistics and Data Analysis 71:151-158.

Lima, M.R., Simpson, L., Fecchio, A. & Kyaw, C. (2010). Low prevalence of
haemosporidian parasites in the introduced house sparrow (Passer domesticus)
in Brazil. Acta Parasitologica 55: 297-303.



33

Lochmiller, R. L. & Deerenber, C. (2000). Trade-offs in evolutionary immunology: just
what is the cost of immunity? Oikos 88: 87-98.

Lopes, B.B., Berto, B.P., Luz, H.R., Galvao, G.S., Ferreira, |. & Lopes, C.W. (2014).
Isospora massardi sp. nov. (Apicomplexa: Eimeriidae) from the white-necked
thrush  Turdus albicollis (Passeriformes: Turdidae) from Brazil. Acta
Parasitologica 59: 272-275.

Marini, M.A., Reinert, B.L., Bornschein, M.R., Pinto, J.C. & Pichorim, M.A. (1996).
Ecological correlates of ectoparasitism on Atlantic Forest birds, Brazil.
Ararajuba 4: 93-102.

Martin, T.G., Wintle, B.A., Rhodes, J.R., Kuhnert, P.M., Field, S.A., Low-Choy, S.J.,
Tyre, AJ. & Possingham, P. (2005). Zero tolerance ecology: improving
ecological inference by modeling the source of zero observations. Ecology
Letters 8: 1235-1246.

Merino, S., Moreno, J., Sanz, J.J. & Arriero, E. (2000). Are avian blood parasites
pathogenic in the wild? A medication experiment in blue tits (Parus caeruleus).
Proceedings of the Royal Society of London Series B - Biological
Sciences 267: 2507-2510.

Moller, A.P. (1990). Effects of a haematophagous mite on the barn swallow (Hirundo
rustica): a test of Hamilton and Zuk Hypothesis. Evolution 44:771-784.

Mougeot, F., Marinez-Padilla, J., Webster, L.M.1., Blount, J.D., Pérez-Rodriguez, L. &
Piertney, S.B. (2009). Honest sexual signalling mediated by parasite and
testosterone effects on oxidative balance. Proceedings of the Royal Society
of London Series B - Biological Sciences 276:1093-1100.

Murtaugh, P.A. (2009). Performance of several variable-selection methods applied to
real ecological data. Ecology Letters 12: 1061-1068.

Nemeth, E., Dabelsteen, T., Pedersen, S.B. & Winkler, H. (2006). Rainforests as
concert halls for birds: are reverberations improving sound transmission of long
song elements? The Journal of Acoustical Society of America 119: 620-626.

Owens, J.C. (2011). Collecting, processing, and storing avian bloods: a review.
Journal of Field Ornithology 82: 339-354.

Palinauskas V., Valkitinas G., Bolshakov C. & Bensch, S. (2008). Plasmodium

relictum (lineage P-SGS1): effects on experimentally infected passerine
birds. Experimental Parasitology 120: 372-380



34

Peig, J. & Green, A.J. (2009). New perspectives for estimating body condition from
mass/length data: the scaled mass index as an alternative method. Oikos 188:
1883-1891.

Perrins, C. (2003). Firefly encyclopedia of birds. First Edition. Firefly Book, Hong
Kong. 656p.

Piacentini, V.Q., Aleixo, A., Agne, C.E., Mauricio, G.N., Pacheco, J.F., Bravo, G.A,,
Brito, G.R.R., Naka, L.N., Olmos, F., Posso, S., Silveira, L.F., Betini, G.S.,
Carrano, E., Franz, I., Lees., A.C., Lima, L.M., Piolli, D., Schunck, F., Amaral,
F.R., Bencke, G.A., Cohn-Haft, M., Figueiredo, L.F., Straube, F.C. & Cesari, E.
(2015). Annotated checklist of the birds of Brazil by the Brazilian Ornithological
Records Committee. Revista Brasileira de Ornitologia 23: 91-298.

Pianka, E.R. (1994). Evolutionary ecology. Fifth Edition. HarperCollins College
Publishers, New York, U.S.A. 468p.

Posada, D. & Crandall, K. A. (1998). MODELTEST: testing the model of DNA
substitution. Bioinformatics 14: 817-818.

Quinn, G.P. & Keough, M.J. (2002). Experimental design and data analysis for
biologists. Cambridge University Press, Cambridge, U.K. 557p.

R Core Team (2017). R: A language and environment for statistical

computing. R Foundation for Statistical Computing, Vienna, Austria.
URL http://www.R-project.org/.

Rasband, W.S. (2014). ImagedJ. U.S. National Institutes of Health. Bethesda,
Maryland, USA.

Read, A.F. & Weary, D.M. (1990). Sexual selection and the evolution of bird song: A
test of Hamilton-Zux hypothesis. Behavioral Ecology and Sociobiology 26:
47-56.

Ribeiro, M.C., Metzger, J.P., Martensen, A.C., Ponzoni, F. & Hirota, M.M. (2009). The
Brazilian Atlantic Forest: How much is left, and how is the remaining forest
disturbed? Implications for conservation. Biological Conservation 142: 1141-
1153.

Ricklefs, R.E. & Renner, S.S. (2012). Global correlation in tropical tree species
richness and abundance reject neutrality. Science 355: 464-467.

Ridgely, R.S., Gwynne, J.A., Tudor, G. & Argel, M. (2015) Brazil birds guide

Atlantic Forest South-East. Horizonte Geografico, Sdo Paulo. Brasil. 424p.



35

Ritchie, B.W., Harrison, G.J. & Harrison, L.R. (1994). Avian medicine: principles
and application. Wingers Publishing. Lake Worth. Florida, U.S.A. 1384p.
Rodriguez, O.A. & Matta, N.E. (2001). Blood parasites in some birds from the eastern
plains of Columbia. Memérias do Instituto Oswaldo Cruz 96: 1173—-1176.
Ronquist, F, & Huelsenbeck J.P. (2003). MrBayes 3: Bayesian phylogenetic

inference under mixed models. Bioinformatics 19: 1572-1574.

Roulin, A. (1999). Nonrandom pairing by male barn owls (Tyto alba) with respect to a
female plumage trait. Behavioral Ecology 10: 688-695.

Roulin, A., Riols, A., Dijkstra, C. & Ducrest, A. (2001). Female plumage spottiness
signals parasite resistance in the barn owl (Tyto alba). Behavioral Ecology 12:
103-110.

Sebaio, F., Braga, E.M., Branquinho, F., Fecchio, A. & Marini M.A. (2012). Blood
parasites in passerine birds from the Brazlilian Atlantic Forest. Revista
Brasileira de Parasitologia 21: 7-15.

Seutin, G., White, B.N. & Boag P.T. (1991). Preservation of avian blood and tissue
samples for DNA analyses. Canadian Journal of Zoology 69: 82-90.

Shutler, D. (2011). Sexual selection: when to expect trade-offs. Biological Letters 7:
101-104.

Sick, H. (1997). Ornitologia brasileira. Editora Nova Fronteira, Rio de Janeiro,
Brasil. 862p.

Siefferman, L. & Hill, G.E. (2005). UV-blue structural coloration and competition for
nestboxes in male eastern bluebirds. Animal Behaviour 69: 67-72.

Sigrist, T. (2013). Guia de campo da avifauna brasileira. Avis Brasilis, Sdo Paulo,
Brasil. 592p.

Silveira, P., Belo, N.O., Rodello, D., Pinheiro, R.T. & Braga, E.M. (2010). Microfilariae
infection in wild birds from Brazilian Cerrado. Journal of Wildlife Diseases 46:
1305-1309.

Sloss, M. W., Kemp, R. L. & Zajac, A. M. (1999). Parasitologia clinica veterinaria.
Sexta edi¢do. Editora Manole Ltda., Sdo Paulo, Brasil. 198p.

Snow, D.W. & Snow, B.K. (1962). Breding and the annual cycle in three Trinidad
thrushes. The Wilson Bulleting 75:27-41.

Spencer, K.A., Buchanan, K.L., Leitner, S., Goldsmith, A.R. & Cathcpole, C.K.

(2005). Parasites affect song complexity and neural development in a songbird.



36

Proceedings of the Royal Society of London Series B - Biological
Sciences 272: 2037-2043.

Stevens, M., Parraga, A.C., Cuthill, I.C., Partidge, J.C. & Troscianko, T. S. (2007).
Using digital photography to study animal coloration. Biological Journal of the
Linnean Society 90: 211-237.

Storni, A., Alves, M.A.S. & Valim, M.P. (2005). Feather mites and ticks (Acari)
associated to Turdus albicollis Vieillot (Aves, Muscicapidae) in an area of
Atlantic Forest at Ilha Grande, Rio de Janeiro, Brasil. Revista Brasileira de
Zoologia 22: 419-423.

Szamado, S. (2011). The cost of honesty and the fallacy of the handicap principle.
Animal Behaviour 81: 3-10.

Tarof, S.A., Dunn, P.O. & Whittingham, L.A. (2005). Dual functions of a melanin-
based ornament in the common yellowthroat. Proceedings of the Royal
Society of London Series B - Biological Sciences 272: 1121-1127.

Tompkins, D.M. & Begon, M. (1999). Parasites can regulate wildlife populations.
Parasitology Today 15: 311-312.

Tompkins, D.M & Gleeson, D.M. (2006). Relationship between avian malaria
distribution and an exotic invasive mosquito in New Zealand. Journal of the
Royal Society of New Zealand 36: 51-62.

Troscianko, J. & Stevens, M. (2015). Image calibration and analysis toolbox — a free
software suite for objectively measuring reflectance, colour and pattern.
Methods in Ecology and Evolution 6: 1320-1331.

Tsai, S.S., Hirai, K. & ltakura, C. (1992). Histopathological survey of protozoa,
helminthes and ascarids of imported and local psittacine and passerine birds in
Japan. Japanese Journal of Veterinary Research 40: 161-174.

Van Ripper, C. Ill, van Ripper, S.G., Goff, M.L. & Laird, M. (1986). The epizootiology
and ecological significance of malaria in hawaiian land birds. Ecological
Monographs 56: 327-344.

Vanhoni, F. & Mendonga, F. (2008). O clima no litoral do Estado do Parana. Revista
Brasileira de Climatologia 3: 49-63.

Valkiunas, G. (1997). Bird haemosporida. Acta Zoologica Lituanica 7: 3-5

Valkiunas G.A., Salaman P. & lezhova T.A. (2003). Paucity of hematozoa in
Colombian birds. Journal of Wildlife Diseases 39, 445-448



37

Valkiunas, G. (2005). Avian malaria parasites and others haemosporidia. CRC
Press, Boca Raton, U.S.A. 947p.

Weatherhead, P.J. & Bennett, G.F. (1991). Ecology of red-winged black-bird
parasitism by haematozoa. Canadian Journal of Zoology 69: 2352-2359.
Westerdahl, H. (2007). Passerine MHC: genetic variation and disease reistance in

the wild. Journal of Ornithology 148: S469-S477.

Westerdahl, H., Stiernman, L.R., Lannefors, M. & Nilsson, J-A. (2013). MHC-I Affects
infection intensity but not infection status with a frequent avian malaria pariste in
blue tits. PlosONE 8: e72647.

White, E.M., Greiner, E.C., Bennett, G.F. & Herman, C.M. (1978). Ditributio of the
hematozoa of netropical birds. Revista de Biologia Tropical 26: 43-102.

Williams R.B. (2005). Avian malaria: clinical and chemical pathology of Plasmodium
gallinaceum in the domesticated fowl Gallus gallus. Avian Pathology 34: 29—
47

Wood, C.L. & Johnson, T.J. (2015) A world without parasites: exploring the hidden
ecology infection. Frontiers of Ecology and the Environment 15: 425-434.

Xiao, H., Hu, Y., Lang, Z., Fang, B., Guo, W., Zhang, Q., Pan, X. & Lu, X. (2017).
How much do we know about the breeding biology of bird species in the world?
Journal of Avian Biology 48: 513-518.

Zuk, M. (1991). Parasites and bright birds: new data and a new prediction. In: Loye,
E., Zuk, M., editors. Bird—parasite interactions. — Ecology, evolution and
behaviour. Oxford Ornithology Series. Oxford University Press, Oxford, U.K.
406p.

Zuur, A.F., leno, E.N., Walker, N.J., Saveliev, A.A. & Smith, G.M. (2009). Mixed
effects models and extensions in ecology with R. Springer. New York,
U.S.A. 578p.



38

SUPPLEMENTARY MATERIAL

TABLE S1: RESULTS OF THE STEPWISE MODEL SELECTION BASED ON F-TEST AND
P-VALUE FOR THE DIFFERENCE OF BRIGHTNESS BETWEEN CHEST AND COLLAR (DBC) AND
DIFFERENCE OF BRIGHTNESS IN THE THROAT (DBT) OF TURDUS ALBICOLLIS IN RELATION
TO BODY MASS INDEX (BMI), PECTORAL MUSCLE (PM), H/L RATIO, PRESENCE OF
MICROFILARIA (MICROFILARIA), AND PRESENCE OF HAEMOSPORIDIAN (HAEMOSPORIDIAN).
DF: DEGREES OF FREEDOM. ITALIC: VARIABLE EXCLUDED ON THE NEXT MODEL SELECTION

STEP
MODEL DF F-VALUE  P(>F)
DBC
DBC=BMI+PM+H/L+MICROF+HAEMOSP
BMI 1 0 0.97
PM 3 1.02 0.4
HIL 1 014  0.71
MICROFILARIA 1 0.03  0.86
HAEMOSPORIDIAN 1 096  0.34
DBC=BMI+PM+H/L+HAEMOSP
PM 3 1.08  0.37
HIL 1 0.15 0.7
MICROFILARIA 1 0.03  0.86
HAEMOSPORIDIAN 1 099  0.33
DBC=PM+H/L+HAEMOSP
PM 3 112 0.36
H/L 1 0.15 0.7
HAEMOSPORIDIAN 1 107  0.31
DBC=PM+HAEMOSP
PM 3 145  0.25
HAEMOSPORIDIAN 1 2.11 0.16
DBC=HAEMOSP
HAEMOSPORIDIAN 1 155  0.22
DBC=*
DBT
DBT=MI+PM+H/L+MICROF+HAEMOSP
MI 1 0.04  0.84
PM 3 14 027
HIL 1 068  0.42
MICROFILARIA 1 0 099
HAEMOSPORIDIAN 1 344  0.07

DBT=MI+PM+H/L+HAEMOSP
Mi 1 0.04 0.83
PM 3 1.46 0.25




H/L
HAEMOSPORIDIAN
DBT=PM+H/L+HAEMOSP
PM

H/L
HAEMOSPORIDIAN
DBT=PM+HAEMOSP
PM
HAEMOSPORIDIAN
DBT=HAEMOSP*
HAEMOSPORIDIAN

0.71
3.61

1.57

0.74

3.81

1.49
7.23

7.26

0.41
0.07

0.22

0.4

0.06

0.24
0.01

0.01

* Selected model
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