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A B S T R A C T

Several ectoparasites parasitise nestlings decreasing their body condition, growth and survival. To minimise any
loss of fitness due to ectoparasites, birds have developed a wide variety of defence mechanisms, potentially
including hatching asynchrony. According to the Tasty Chick Hypothesis (TCH), the cost of parasitism would be
reduced if ectoparasites tend to eat on less immunocompetent nestlings, typically the last-hatched chick in
asynchronously hatched broods, as they are in poor body condition. Two predictions of the TCH are that immune
capacity is lower in smaller nestlings than in larger ones and that parasites should provoke a more negative effect
on smaller nestlings. Here, we test these predictions in a population of Blue Tits (Cyanistes caeruleus) whose broods
are parasitised by Hen Fleas (Ceratophyllus gallinae) and Blowflies (Protocalliphora azurea). We recorded the
presence of both ectoparasites and analysed the immunocompetence (number of leucocytes per 10,000 eryth-
rocytes and cutaneous immune response to phytohaemagglutinin) and body condition of smaller and larger
nestlings within individual broods. The leucocyte count was higher in smaller nestlings than in larger ones,
whereas the cutaneous immune response did not differ between smaller and larger nestlings. Smaller nestlings,
but not larger nestlings, had lower body mass when fleas were present. Blowflies, by contrast, had no detectable
negative effect on nestlings. Overall, our findings provide partial support to the TCH. Lower immune capacity in
smaller nestlings than in larger ones was not supported, but Hen Fleas seemed to negatively impact on smaller
nestlings more than on larger ones.
1. Introduction

Parasites take resources from their hosts and so typically reduce host
fitness (Schmid-Hempel, 2011). In birds, a range of arthropod ectopar-
asites, such as fleas, flies, bugs or mites, inhabiting the nest or nestling
body are known to reduce chick health, body size and body mass (e.g.
Richner et al., 1993; Merino and Potti, 1995; Christe et al., 1996;
Hurtrez-Bouss�es et al., 1997; Puchala, 2004; Simon et al., 2004), some-
times provoking nestling death (reviewed in Møller et al., 2009). In
addition, nest-dwelling ectoparasites may reduce future nestling survival
.

s by Elsevier B.V. on behalf of KeA
-nd/4.0/).
(Brown and Brown, 1986; Sz�ep and Møller, 2000; Streby et al., 2009),
reproductive success (Fitze et al., 2004) or increase the costs of repro-
duction in parents (Richner and Tripet, 1999).

To minimise the detrimental effects caused by nest ectoparasites, birds
have developed a wide variety of defence mechanisms, including behav-
ioural strategies (reviewed in Bush and Clayton, 2018) and immunological
responses (Davison et al., 2008; Owen et al., 2010; Schmid-Hempel,
2011). Inflammation is a typical immune response to ectoparasite injuries,
which damages parasite tissues and physically prevents parasites from
reaching the host bloodstream (Owen et al., 2009). Therefore,
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inflammation reduces the blood meal consumed by the ectoparasite and,
consequently, its fecundity and survival (Tschirren et al., 2007; Bize et al.,
2008). However, the maintenance and deployment of immune defence
mechanisms are energetically expensive and require limited nutrients
such as amino acids (Lochmiller and Deerenberg, 2000). As such, nestlings
in better body condition are normally more immunocompetent (e.g. Saino
et al., 1997; Brinkhof et al., 1999; Westneat et al., 2004; Dubiec et al.,
2006; Martínez-De La Puente et al., 2013).

In altricial birds, nestlings often establish a body size hierarchy,
mainly due to hatching asynchrony (Clark and Wilson, 1981). Size hi-
erarchy implies the nestlings have different reproductive values for
parents, so individual broods contain both core high-value and marginal
low-value nestlings (Forbes et al., 1997). This means food is distributed
unequally among the nestlings, with small ones usually being underfed
(Dickens and Hartley, 2007; Moreno-Rueda et al., 2009; García-Navas
et al., 2014). Several hypotheses have been proposed to explain the
adaptive value of hatching asynchrony, mainly in relation to resource
availability (Magrath, 1990; Stenning, 1996). An example is the Tasty
Chick Hypothesis (TCH), which suggests that hatching asynchrony may
have evolved as an anti-ectoparasite defence (Christe et al., 1998). The
TCH proposes that ectoparasites enhance their fitness by aggregating on
the less immunocompetent nestling, which is presumed to be the last
chick hatched in asynchronous broods and also the one with the poorest
body condition due to a low nutritional status. Hence, the smallest
nestling in a brood would be the most attractive (tasty) to parasites. This
would have the concomitant effect of reducing the parasitic load for the
remaining nestlings, which are of higher reproductive value for parents.
According to the TCH, parental fitness would eventually increase with
more healthy core nestlings surviving at the expense of sacrificing the
highly parasitised last-hatched chick, the “tasty” chick (Christe et al.,
1998). In sum, the TCH predicts that: (1) smaller nestlings are less
immunocompetent against ectoparasites than larger nestlings; (2) para-
sites feed mainly on smaller nestlings; and (3) smaller nestlings are more
negatively affected by ectoparasites than larger nestlings.

Although the results of some studies support the TCH (Simon et al.,
2003; O'Connor et al., 2014), most do not (Descamps et al., 2002; Valera
et al., 2004; Roulin et al., 2008; V�aclav et al., 2008; O'Brien and Dawson,
2009) or provide only partial support (Roulin et al., 2003; Bize et al.,
2008; V�aclav and Valera, 2018). In some cases, contrasting results have
even been reported for the same species of birds and parasites. For
example, Descamps et al. (2002) did not find evidence supporting the
TCH in Blue Tits (Cyanistes caeruleus) nestlings parasitised by Proto-
calliphora larvae. However, in the same population, Simon et al. (2003)
reported that Protocalliphora larvae consumed more blood from smaller
rather than larger nestlings. The blood-sucking fly Carnus hemapterus
prefers to feed on larger European Roller (Coracias garrulous) nestlings
(V�aclav et al., 2008), but also selects less immunocompetent nestlings
when hosts have poor body condition (V�aclav and Valera, 2018).

The aim of the present study was to test the aforementioned pre-
dictions 1 and 3 of the TCH in a wild population of Blue Tits parasitised
by Blowfly larvae (Protocalliphora azurea) and Hen Fleas (Ceratophyllus
gallinae). We did not test prediction 2 (parasites aggregate on the last-
hatched nestling) given that these parasites inhabit inside the nest ma-
terial, feeding on nestlings usually at night. According to the TCH, we
predict that smaller nestlings in the same brood will present lower
immunocompetence than larger nestlings (prediction 1). Moreover, if the
TCH is applicable in this species, given that ectoparasites would feed
mainly on the smaller nestlings, these nestlings will suffer a higher
impact from ectoparasitism than larger nestlings. Consequently, within-
brood variation in body mass, tarsus length and body condition are ex-
pected to be greater in infested compared to uninfested nests (prediction
3). Specifically, we compared body mass, tarsus length, body condition
and immunocompetence (measured as relative leucocyte concentration
and immune response to phytohaemagglutinin (PHA)) between the
smallest and largest nestlings within a brood according to the prevalence
of nest ectoparasites.
2

2. Material and methods

2.1. Study area and bird species

Blue Tits are Palearctic forest insectivorous birds that nest in sec-
ondary cavities in trees, where they typically lay an average of six to nine
eggs per clutch (seven in our population) in the Iberian Peninsula (Sal-
vador, 2016). Eggs generally hatch asynchronously (hatching spread of
two days; Slagsvold et al., 1995; Stenning, 2008), leading to
within-brood size hierarchy (Stenning, 2018). During the breeding sea-
son, nests are commonly infested by different ectoparasites such as
Blowflies, fleas and mites, which usually decreases nestling health,
condition and survival (e.g. Hurtrez-Bouss�es et al., 1997; Tom�as et al.,
2007; Casta~no-V�azquez et al., 2018).

In 2017, we studied a wild population of Blue Tits inhabiting two
contiguous forests, located at 1700–1800 m a.s.l. in the Sierra Nevada
National Park (southeastern Spain; 36�570 N, 3�240 W). The two study
areas comprised of (1) a dry forest composed of Holm Oaks (Quercus ilex)
and Pyrenean Oaks (Quercus pyrenaica), and (2) a humid forest charac-
terised by Scots Pines (Pinus sylvestris), Holm Oaks and Pyrenean Oaks.
These two forests differed in several environmental and biotic factors,
such as mean temperature, humidity, irradiation, insolation time, canopy
cover and parasite load (Appendix 1; also see Garrido-Bautista et al.,
2021). The higher humidity of the humid forest was due to the presence
of a river and a stream, and, to simplify, we referred to these two areas as
humid and dry forests throughout the text. Blue Tits bred in nest boxes
(ICONA Cmodel; base area: 196 cm2; height: 20 cm; hole diameter: 3 cm;
material: wood with the outer layer of plastic paint; Moreno-Rueda,
2003) hung from branches using metal hooks. They were inspected
regularly to determine laying date, hatching date and brood size. Nest
boxes were cleaned and their contents removed at the end of the breeding
season to avoid the accumulation of ectoparasites between breeding
seasons.
2.2. Morphometric measurements and leucocyte count

We considered the hatching day as the day 0. When the nestlings were
13 days old, the age at which body mass and tarsus length reach
asymptotic growth (Bj€orklund, 1996), nestlings from 37 nests (20 from
the dry forest and 17 from the humid forest) were weighed with a
portable, digital scale (accuracy, 0.1 g) and their tarsus length measured
to the nearest 0.01 mm with a digital calliper. We calculated the body
condition index (BCI) of nestlings as the residuals of regressing log body
mass on log tarsus length. In 19 nests (dry forest, n ¼ 11; humid forest, n
¼ 8), we also took a 100 μL blood sample from the largest and smallest
nestlings (~1% of nestling body mass, which was about 10 g) from the
jugular vein using heparinised insulin syringes in sterile conditions
(following Owen, 2011). Blood sampling has been shown to have
negligible effects on tit nestling survival (Schmoll et al., 2004). Handling
time was kept to a minimum to reduce nestling stress (de Jong, 2019). A
drop of blood was smeared on a slide and air-dried following Owen
(2011). Blood samples were fixed in absolute methanol for 2 min and
stained with a Wright-Giemsa combination stain as follows: (1) Wright
stain for 2 min; (2) distilled water for 2 min followed by tap water for a
few seconds; (3) Giemsa stain 1:9 diluted in phosphate-buffered saline,
pH 7.2, for 10 min followed by tap water for a few seconds; and (4) 0.5%
acetic acid for 1 s. Smears were prepared with Eukitt® mounting me-
dium. Samples were viewed with a Zeiss Axiophot microscope at 400�
magnification and 35–40 fields per blood smear were observed (always
by the same researcher, AS). Fields were photographed with a Zeiss
Axiocam camera connected to the microscope. Leucocytes were counted
and identified following Campbell and Ellis (2007) and erythrocytes
were counted with Mizutama software (Ochoa et al., 2019). The relative
leucocyte concentration for each nestling was estimated as the number of
leucocytes per 10,000 erythrocytes.



Table 1
Results of the linear mixed-effects models and linear models for the number of
leucocytes, cutaneous immune response, and its within-brood differences (values
for larger nestling minus smaller ones) of Blue Tit nestlings.

Variable Chi-square (df ¼ 1) p-value

Number of leucocytes
Forest type 5.39 0.02
Nestling rank 6.27 0.012
Forest type*Nestling rank 5.81 0.02
Cutaneous immune response
Forest type 0.57 0.45
Nestling rank 0.19 0.66
Forest type*Nestling rank 0.24 0.62
Within-brood differences

Variable F-value (df ¼ 1) P-value

Within-brood difference in leucocytes
Forest type 6.36 0.02
Flea prevalence 0.04 0.84
Blowfly prevalence 1.20 0.29
Within-brood difference in immune response
Forest type 0.59 0.45
Flea prevalence 1.17 0.29
Blowfly prevalence 0.51 0.48

Significant predictors (p < 0.05) are marked in bold.
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2.3. Cutaneous immune response to PHA

We also measured the immune response to PHA in larger and smaller
nestlings from 28 broods (dry forest, n¼ 15; humid forest, n¼ 13). When
the nestlings were 12 days old, we inoculated 0.1 mg of phytohaemag-
glutinin (PHA-P; Sigma Aldrich, L-8754) diluted in 0.02 mL of isotonic
phosphate-buffered saline in their left wing web (following Smits et al.,
1999). PHA is a mitogen that provokes an inflammatory immune
response involving different types of cell and can be considered a
multifaceted index of cutaneous immune activity (Martin et al., 2006).
The inflammatory response to PHA correlates positively with nestling
survival to adulthood in Blue Tits (Cicho�n and Dubiec, 2005). Prior to
inoculation of PHA, we measured the wing web thickness three times
with a pressure-sensitive micrometre (Mitutoyo Inc.; accuracy, 0.01 mm)
and took the average. The following day, when nestlings were 13 days
old, we measured the wing web thickness again following with the same
procedure, calculating the inflammatory immune response as the dif-
ference between both measurements. All measurements were made by
the same researcher (GMR). Some of the nestlings (n ¼ 20) that were
inoculated with PHA were measured at the next day for leucocyte count.
Although the inoculation of PHA in the wing web of nestlings causes local
and cutaneous inflammation, an elevation of T-cells in the bloodstream
can occur (Tella et al., 2008). To control for this possible effect, we
compared the leucocyte count between those nestlings that were inocu-
lated and not inoculated with PHA.

2.4. Ectoparasite abundance and prevalence

Once nestlings fledged and left the nest, we carefully sorted through
nest material and recorded the presence and number of Blowflies (pu-
paria and larvae) per nest, as well as the presence or absence of Hen Fleas
(larvae or adults). Females of the Blowfly lay their eggs in the nests of
cavity-nesting birds, so their larvae inhabit inside nest material and feed
intermittently on nestlings (Bennett and Whitworth, 1991). The hae-
matophagous activity of Blowfly larvae provokes several negative im-
pacts on nestlings (Merino and Potti, 1995; Hurtrez-Bouss�es et al., 1997;
Puchala, 2004). Tits (Paridae) are one of the hosts where the Hen Flea
achieves its higher productivity (Tripet and Richner, 1997a). Fleas
inhabit inside nest material; flea larvae are saprophyte, but adults take
blood from nestlings (Tripet and Richner, 1999). The blood-sucking of
adult Hen Fleas has been reported to cause detrimental effects on the
growth, body condition, blood count and health of Blue Tit nestlings
(Tripet and Richner, 1997b; Pitala et al., 2009; Brommer et al., 2011).

2.5. Statistical analyses

Graphical inspection (following Zuur et al., 2010) revealed a normal
distribution for all recorded variables, except Blowfly abundance. The
variation in Blowfly and flea prevalence in relation to each forest was
tested using the chi-squared test, and the abundance of Blowflies be-
tween forests was tested with the Mann-Whitney U test. We calculated
the within-brood differences in relative leucocyte count, cutaneous im-
mune response, body mass, tarsus length and body condition between
larger and smaller nestlings (values for larger nestling minus smaller
ones).

The differences in the number of leucocytes between larger and
smaller nestlings were initially tested using a paired Student's t-test
(Quinn and Keough, 2002). We assessed how the relative leucocyte count
and the cutaneous immune response varied with forest type and nestling
size using two separate linear mixed-effects models of restricted
maximum likelihood (REML-LMM) (Zuur et al., 2009), where nest
identity was the random factor and nestling rank (larger versus smaller),
forest type (humid versus dry) and its interaction were the predictors.
Brood size and laying date were included as covariates, but their effects
were not significant and so they were removed from the final model. A
REML-LMMwas also used to test the relationship between body mass and
3

leucocyte count. In this case, nest identity was the random factor and
body mass and tarsus length were the covariates. We tested whether the
differences in relative leucocyte count were related to Blowfly abundance
using Spearman's rank correlation. We used a t-test to analyse the effect
of PHA (nestlings inoculated and non-inoculated with PHA) on relative
leucocyte count. We ran two separate linear models to assess how the
within-brood differences in relative leucocyte count and cutaneous im-
mune response varied with nest parasitisation by Hen Fleas and Blow-
flies. These models included forest type, prevalence of fleas and
prevalence of Blowflies as predictors and nest identity as random factor.

We used t-tests to analyse the effect of nest parasitisation by Blowflies
and fleas (parasitised or nonparasitised) on body mass, tarsus length and
BCI and its within-brood differences. REML-LMM were used to test
whether the observed ectoparasite-dependent within-brood differences
in body mass, tarsus length and BCI were robust when controlled for
forest, laying date and brood size, variables which could potentially
affect any within-brood variation. In these cases, within-brood differ-
ences in the three morphological characters were the dependent vari-
ables, and flea or Blowfly prevalence, forest type, brood size and laying
date were the predictors. The correlations between body mass of larger
and smaller nestlings in nests parasitised and nonparasitised by fleas
were established using the Pearson product-moment correlation. The
basic statistics are given as mean � SE (standard error). We used the
“nlme” package (Pinheiro et al., 2019) in the software R (R Development
Core Team, 2020). The data are free available (Appendix 2).

3. Results

3.1. Immunological parameters

Blowfly prevalence and abundance were higher in the humid forest
(14 out 17 nests infested, abundance: 10.82� 2.20 Blowflies) than in the
dry forest (7 out of 20 nests infested, abundance: 2.45 � 1.70 Blowflies;
respectively, χ2 ¼ 8.40, p ¼ 0.0038, Mann-Whitney U test, z ¼ 2.85, p ¼
0.003), but flea prevalence did not differ between forests (humid: 7 out of
17 nests, dry: 5 out of 20 nests; χ2 ¼ 1.10, p¼ 0.29). Larger nestlings had
half as many leucocytes (54.85 � 5.54 leucocytes per 10,000 erythro-
cytes) as smaller nestlings (119.98 � 15.05; t18 ¼ �4.75, p < 0.001;
Table 1). In fact, the number of leucocytes per 10,000 erythrocytes in a
nestling was negatively affected by body mass (χ2 ¼ 12.87, p < 0.001;
Fig. 1). This within-brood difference was higher in the humid forest than
in the dry forest (Table 1; Fig. 2). However, the within-brood difference
in relative leucocyte count between larger and smaller nestlings did not



Fig. 1. Relationship between body mass and relative leucocyte count in Blue Tit
nestlings. Larger nestlings: filled circles; smaller nestlings: open squares.

Table 2
Body mass, tarsus length and body condition index (BCI) of smaller and larger
Blue Tit nestlings and the within-brood differences between Hen Flea-infested
and uninfested broods.

Infested broods (n
¼ 12)

Uninfested broods (n
¼ 25)

t-
value

p-
value

Larger nestlings
Tarsus length
(mm)

16.63 � 0.50 16.79 � 0.52 �0.92 0.36

Body mass (g) 10.65 � 0.58 10.62 � 0.74 0.11 0.92
BCI (residuals) 0.045 � 0.041 0.027 � 0.087 0.67 0.51
Smaller nestlings
Tarsus length
(mm)

15.76 � 0.47 16.19 � 0.45 �2.70 0.01

Body mass (g) 9.06 � 0.71 9.54 � 0.80 �1.78 0.08
BCI (residuals) �0.042 � 0.074 �0.029 � 0.087 �0.44 0.67
Within-brood difference
Tarsus length
(mm)

0.87 � 0.62 0.60 � 0.65 1.17 0.25

Body mass (g) 1.59 � 0.68 1.08 � 0.30 3.18 0.003
BCI (residuals) 0.087 � 0.062 0.056 � 0.058 1.46 0.15

Differences were tested using t-tests. Mean values are given with the SD.
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vary with Blowfly abundance or prevalence (abundance: rs ¼ 0.22, p ¼
0.36; Table 1) or flea prevalence (Table 1). Leucocyte count was not
affected by PHA inoculation, as inoculated nestlings (n ¼ 20) did not
statistically differ in leucocyte count to non-inoculated nestlings (n ¼ 18
nests; for larger nestlings: t17 ¼ 0.49, p ¼ 0.62; smaller: t17 ¼ 0.27, p ¼
0.79). The cutaneous immune response did not differ significantly be-
tween larger (0.47 � 0.04 mm) and smaller nestlings (0.46 � 0.04 mm;
Table 1). The presence of Blowflies or fleas did not affect the within-
brood difference in immune response (Table 1).
3.2. Body mass, tarsus length and body condition

In flea-infested broods, smaller nestlings tended to have a lower body
mass and shorter tarsus than uninfested broods, while larger nestling
body mass and tarsus length did not differ with flea prevalence (Table 2).
The presence of fleas also affected the within-brood difference in body
mass, being higher in parasitised nests (Table 2). The effect of flea
prevalence on within-brood differences in body mass remained statisti-
cally significant in a linear model when controlling for forest type, laying
date, and brood size (F1, 31 ¼ 13.09; p ¼ 0.001; the remaining effects
were not significant). In non-parasitised broods, there was a strong cor-
relation between the body mass of larger and smaller nestlings (r ¼ 0.93,
Fig. 2. Number of leucocytes per 10,000 erythrocytes in larger (filled circles)
and smaller Blue Tit nestlings (open squares) according to forest type. Bars
represent the 95% confidence interval.
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p < 0.001); however, in broods parasitised by fleas, the body mass of
larger and smaller nestlings did not present a significant correlation (r ¼
0.45, p ¼ 0.15). Flea infestation was unrelated to nestling BCI (Table 2;
always p > 0.15). However, within-brood differences in BCI were higher
in the humid forest (0.09 � 0.013) than in the dry forest (0.04 � 0.013;
t35 ¼ 2.60, p ¼ 0.014). This difference remained significant when con-
trolling for laying date and brood size (F1, 33 ¼ 7.02, p ¼ 0.012; the
remaining effects were not significant). Blowfly prevalence held no
relation to within-brood differences in tarsus length, body mass or BCI
(data not shown for simplicity).

4. Discussion

In the present study conducted in a wild population of Blue Tits
parasitised by Blowflies and fleas, we tested two predictions of the Tasty
Chick Hypothesis (TCH): whether smaller nestlings within a brood have
lower immunocompetence than larger nestlings (Christe et al., 1998) and
whether ectoparasites had a greater negative effect on body mass and
body size in smaller nestlings compared to larger nestlings (Sz�ep and
Møller, 2000). Our results lend some support to the TCH, as the presence
of Hen Fleas in broods was detrimental for smaller Blue Tit nestlings
(negatively affecting their body mass) but did not affect larger nestlings.
However, there was no evidence that smaller nestlings are less immu-
nocompetent than larger nestlings: the relative leucocyte count was
higher in smaller than in larger nestlings and the immune response to a
novel substance, phytohaemagglutinin, did not differ between larger and
smaller nestlings. Moreover, the presence of fleas did not influence either
of the immune response markers we measured. We did not find any ev-
idence that Blowflies affected the body characteristics or immune status
of smaller nestlings; so, this ectoparasite species does not appear to apply
to the TCH (unlike the findings reported by Simon et al., 2003).
4.1. Evidence for the Tasty Chick Hypothesis

We found some evidence that the TCH might apply to the Blue Tit in
our study population. Body mass and tarsus length of smaller nestlings
were lower in the presence of fleas (the tarsus length, nonsignificantly),
without affecting the body size and mass of larger nestlings. Conse-
quently, within-brood differences in body mass were more marked in
broods parasitised by fleas. Similarly, other studies have reported
increased within-brood variance in infested nests (Merino and Potti,
1995; Christe et al., 1996; Sz�ep and Møller, 2000; but no such effect was
observed by Descamps et al., 2002; Hannam, 2006). Several studies have
shown that nest-dwelling ectoparasites, including fleas, have negative
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effects on nestling body mass (Richner et al., 1993; Merino and Potti,
1995; Tom�as et al., 2007). Therefore, if these ectoparasites tend to feed
on last-hatched nestlings, smaller nestlings would be more negatively
affected by parasitism (Sz�ep and Møller, 2000). Nevertheless, this lends
very indirect support to the TCH and alternative explanations should be
explored. Specifically, parasitised broods may suffer a food shortage
which causes parents to feed the larger nestlings preferentially (Smiseth
et al., 2003), resulting in poorer growth of smaller nestlings. Parents may
also feed healthy nestlings preferentially (Saino et al., 2000), hence
smaller nestlings might suffer a disadvantage if parents disfavour them
for being unhealthy.

Smaller nestlings had significantly more leucocytes than larger ones.
This finding, a priori, contradicts a pivotal prediction of the TCH. There is
compelling evidence that an increase in the leucocyte count in birds is
usually associated with the infestation or infection by different ecto- and
endoparasites (Norris and Evans, 2000), so the smaller nestlings’ greater
investment in immune function could be explained by increased expo-
sure to parasites. Similarly, Saino et al. (2001) and Parejo et al. (2007)
found that last-hatched nestlings showed a higher immunological profile
(level of antibodies) than their core siblings. However, in our study,
neither the presence of fleas nor Blowflies affected immune function. A
possible explanation is that smaller nestlings mounted an immune
response against other parasites that were not analysed in the present
study, such as viruses, bacteria, coccidia, haemosporidians or their
dipteran vectors. In fact, the relative leucocyte count of smaller nestlings
was higher in the humid forest than in the dry forest and, in a previous
study carried out in 2016, we found a higher prevalence of the haemo-
sporidian Leucocytozoon in the humid forest (Moreno-Rueda et al. in
prep.). However, we cannot discard that higher leucocyte count in
smaller nestlings is due to other causes not related to TCH. For example,
parents could improve the immune system of smaller nestlings via re-
sources in ovo (Roulin et al., 2008). Therefore, the overall evidence for
the TCH in our study is weak and indirect.

4.2. Evidence against the Tasty Chick Hypothesis

However, some of our results do not support the TCH: the cutaneous
immune response did not differ between larger and smaller nestlings and
was unaffected by ectoparasites. The fact that exposure to parasites ac-
tivates the immune system means that comparing immune system pa-
rameters, such as leucocyte count, is of no use when examining
differences in immunocompetence, as these parameters probably mirror
a mix of immunocompetence and parasite exposure. Immunocompetence
can be measured by challenging the immune system with a novel stim-
ulus to which it has not previously been exposed. PHA is a novel stimulus
widely used to quantify immunocompetence (Kennedy and Nager, 2006).
It has been shown to provoke inflammation with infiltration of different
immune cells (Martin et al., 2006). Various studies have found that PHA
testing normally reflects nestling body condition and nutritional status
(e.g. Saino et al., 1997; Westneat et al., 2004; Martínez-De La Puente
et al., 2013) and is related to nestling ectoparasite resistance (Martin
et al., 2001; Tschirren et al., 2007; Bize et al., 2008). Hence, the TCH
predicts a weaker inflammatory response to PHA in smaller compared to
larger nestlings. This has been confirmed in House Martin (Delichon
urbicum; Christe et al., 1998), Black-headed Gull (Chroicocephalus rid-
ibundus; Müller et al., 2003), Barn Owl (Tyto alba; Roulin et al., 2003),
and Collared Dove (Streptopelia decaocto; Eraud et al., 2008) nestlings.
However, no within-brood differences in PHA immune response have
been observed in Great Tit (Parus major; Roulin et al., 2003; Kilgas et al.,
2010), Alpine Swift (Tachymarptis melba; Bize et al., 2005), Red-billed
Chough (Pyrrohocorax pyrrhocorax; Banda and Blanco, 2008), or Blue
Tit (this study) nestlings. In fact, Saino et al. (2001) even reported a
stronger immune response in smaller than in larger Barn Swallow (Hir-
undo rustica) nestlings. Therefore, there is a lack of evidence to support
one of the main predictions of the TCH, namely that smaller nestlings
have poorer immune systems than larger nestlings.
5

For their part, Blowflies, unlike fleas, did not affect the body mass or
tarsus length of smaller nestlings. Blowfly larvae are known to have nega-
tive effects on the physiology, growth and survival of Blue Tit nestlings
(Hurtrez-Bouss�es et al., 1997; Bouslama et al., 2001; Tom�as et al., 2007;
Arriero et al., 2008; Casta~no-V�azquez et al., 2018).However, these negative
impacts of Blowflies may vary between years and according to weather
conditions, so in some years they cause relatively little harm to nestlings
(Merino and Potti, 1996; Simon et al., 2004). Furthermore, there is still no
consensus on whether Blowfly larvae eat preferentially on last-hatched
nestlings (Descamps et al., 2002; Simon et al., 2003). Hence, the apparent
absenceof any impact of Blowfly larvaeonnestlings inour studymaybedue
to a lack of any significant detrimental effects on Blue Tit nestlings in our
population specifically during the year the study was carried out.

4.3. Tasty Chick Hypothesis: state of the art

The TCH predicts that last-hatched (marginal) nestlings must be less
immunocompetent than core nestlings. As explained above, several
studies performed in various species do not support this prediction (Saino
et al., 2001; Roulin et al., 2003; Bize et al., 2005; the present study). In
addition, the TCH predicts that nest-dwelling ectoparasites tend to feed
more on the least immunocompetent nestling. Although some studies have
shown that higher host immunocompetence reduces ectoparasite feeding,
breeding and survival success (Tschirren et al., 2007; Bize et al., 2008),
only a few studies support this prediction. Simon et al. (2003) reported
that Blowfly larvae eat more blood from smaller than larger Blue Tit
nestlings. O'Connor et al. (2014) evidenced aggregation of parasitic larvae
of the dipteran Philornis downsi on just one nestling per brood. However,
nestlings frequently move around more when parasitised, in an attempt to
escape from parasites in the nest (Simon et al., 2005; O'Connor et al.,
2010), so it is unclear whether the patterns reported by Simon et al.
(2003) and O'Connor et al. (2014) are due to the feeding behaviour of
parasites or nestling competition for the positions least exposed to ecto-
parasites. Furthermore, and in clear contrast with the TCH, several studies
have shown that parasites prefer to feed on large, well-nourished nestlings
before last-hatched nestlings (Roulin et al., 2003; Valera et al., 2004; Bize
et al., 2008; V�aclav et al., 2008; V�aclav and Valera, 2018). Therefore, the
overall evidence in favour of the TCH is, at best, only weak.

4.4. The evolution of hatching asynchrony in the Blue Tit

While the TCH seems unable to explain the evolution of hatching
asynchrony in the Blue Tit, other hypotheses may explain this phenom-
enon in said species. Indeed, hatching asynchrony has been shown to be
adaptive in Blue Tits, as asynchronous broods produce heavier offspring
than synchronous broods, even when there was no brood reduction
(Slagsvold et al., 1995). The most classical explanation for hatching
asynchrony is to facilitate adaptive brood reduction (Stenning, 1996).
According to this concept, in the scenario of a temporally and spatially
unpredictable environment, parents might secondarily adjust their brood
size to food availability, with small chicks sacrificed to ensure the sur-
vival of the remaining offspring if food resources become scarce
(Magrath, 1989). Hatching asynchrony may also have evolved to reduce
sibling competition, to decrease the peak in parental workload or to
minimise predation risk and egg failure in some altricial birds (review in
Magrath, 1990). Accordingly, Stenning (2008) showed that Blue Tit
nestlings from asynchronous broods spent less time in their nests.
Moreover, marginal nestlings from asynchronous broods typically die
earlier compared to those in synchronous broods, with the parents saving
the energy that they would have invested in chicks that would have likely
died anyway.

5. Conclusions

In conclusion, our study provides some, albeit indirect, evidence that
the TCHmight be applied to the Blue Tit and a specific ectoparasite as we
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found that the presence of Hen Fleas was more detrimental to smaller
than larger nestlings (affecting their body mass). However, most of the
results in our study did not support the TCH. Blowflies did not affect
nestlings’ morphometry and immune system. Moreover, we did not find
evidence that smaller nestlings were less immunocompetent than larger
nestlings as the immune response to PHA did not differ between both
type of nestlings and smaller nestlings had more leucocytes than larger
ones.
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