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Several factors shape lifetime reproductive success, including genetic background, body 

condition, environmental conditions and ecological interactions such as parasitism. Adults 

often show higher reproductive success than their young conspecifics, especially in long-

lived bird species, and this may be explained by the cumulative effects of an increase in 

reproductive experience and the selection of high-quality individuals from one year to 
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another. To test whether this pattern also exists in short-lived bird species, we used 13 

years of monitoring data from two Great Tit Parus major populations. The effects of male 

and female age on several reproductive parameters were analysed in 419 pairs of Great Tits, 

whilst accounting for body condition and infection by haemosporidian parasites. 

Reproductive success was mainly affected by the age-class of males. Pairs containing a sub-

adult male fledged one-third fewer chicks than pairs containing an adult male. The 

difference was not caused by variation in male fertility but could have been caused by 

better parental care provided by adult birds. In addition to lower reproductive success, first-

year males also had reduced access to mating compared to adult males, suggesting an 

avoidance of sub-adult males by females. Nestling body condition was positively correlated 

with parental body condition, and the body condition of male and female members of 

breeding pairs was positively correlated. Finally, the number of fledged chicks was mainly 

affected by the infection status of males. This results temper our previously published 

results showing an effect of infection on Great Tit reproduction regardless of their sex. In 

this previous study, and as in most cases, the status of the partner was not taken into 

account and we show here that this is essential because it can lead to a biased 

interpretation of the results. 

 

Keys words: life history traits, sexual selection, Plasmodium, Haemoproteus, Leucocytozoon 

 

Many processes affect the annual reproductive success of birds. Individuals in a population 

are exposed to the same biotic and abiotic factors, such as weather conditions, food 

abundance, predation risk or local density. These factors directly affect reproductive success 

(Skinner et al. 1998, Scheuerlein et al. 2001, Nielsen & Møller 2006), but their effects 
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depend heavily on the intrinsic quality of male and female parents (Erikstad et al. 1997, Sanz 

et al. 2000, Magallanes et al. 2018). 

Parents with better body condition will be more likely to successfully defend their 

territory, protect their brood against predators and find resources than parents with a lower 

body condition (Chastel et al. 1995, Dearborn 2001, Milenkaya et al. 2015). Ecto- and blood 

parasite infection may in turn negatively impact parental body condition (Marzal et al. 2008, 

Sánchez et al. 2018 but see Tripet & Richner 1997). It may also affect parental behaviour 

(Christe et al. 1996a, Mukhin et al. 2016), leading to a lower feeding rate (Knowles et al. 

2010, Wegmann et al. 2015, but see Christe et al. 1996b) and ultimately lower reproductive 

success (Marzal et al. 2008, Asghar et al. 2015). Although most studies have used correlative 

data, several experimental studies have confirmed these findings (Merino et al. 2000, 

Christe et al. 2001). For example, a medication experiment showed that Blue Tit Cyanistes 

caeruleus infection by haemosporidian parasites reduce parental working capacity to feed 

nestlings (Merino et al. 2000). 

The age of both parents may also affect their capacity to deal with fluctuating 

environmental constraints. Indeed, iteroparous species can increase their breeding 

experience (Gochfeld & Burger 1984, Pärt 2001) and ultimately enhance their reproductive 

performance (Forslund & Pärt 1995). For instance, experienced birds may be better at 

synchronizing their breeding schedules with food availability than first-time breeders (Low 

et al. 2007, Goutte et al. 2010, Zhang et al. 2015, Harris et al. 2016). The quality of a 

reproductive territory also influences reproduction (Matechou et al. 2015) and, in some 

species, older birds have been shown to occupy higher quality territories (Hill 1988, Hiebert 

et al. 1989, Pärt 2001, Smith & Moore 2005). Higher reproductive success in older birds may 

also be explained by the fact that surviving to an advanced age is evidence of high intrinsic 
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quality. For instance, adult birds could demonstrate their superior quality simply by showing 

that they have survived at least one year longer than sub-adult individuals (Kokko & 

Lindstrom 1996, Brooks & Kemp 2001, but see Beck & Promislow 2007). The age-related 

increase in breeding performance should be influenced by both the cumulative effects of an 

increase in skill and by the selection of high-quality birds from one year to another (Forslund 

& Pärt 1995, Kokko & Lindstrom 1996). However, the effect of age can eventually be 

negative, especially for fertility (Holmes et al. 2003, Møller et al. 2009), for example as a 

result of reduced sperm and egg quality (Richard et al. 2005, Beamonte‐Barrientos et al. 

2010). 

The Great Tit Parus major is a biological model species that has been intensively 

studied since the mid-20th century (Kluyver 1957, Perrins 1970, Bosse et al. 2017, Pigeault 

et al. 2018). Tit breeding is strongly influenced by weather conditions (Van Noordwijk et al. 

1995) and food availability (Martin 1987, Van Noordwijk et al. 1995), but also by the intrinsic 

quality of males and females (McGregor et al. 1981, Sanz et al. 2000, Cauchard et al. 2017). 

For instance, a relationship was observed between parental body condition and 

reproductive success, mainly driven by the quality of the environment: in a poor 

environment, lower parental body condition is associated with a lower quality of food 

brought to the chicks (Riddington & Gosler 1995). In some Great Tit populations, one-year-

old females and females aged five and over lay later than other females (Dhondt 1989). 

Laying date also affects reproductive success, with a reduction of clutch size as the breeding 

season progresses (Perrins 1970, Perrins & McCleery 1985, Wawrzyniak et al. 2016). Finally, 

different studies have shown negative (Allander & Bennett 1995, Ots & Hõrak 1996), 

positive (Oppliger et al. 1997, Pigeault et al. 2018) or no association (Ots & Hõrak 1996) 

between haemosporidian infection and Great Tit reproductive success, depending on the 
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population studied (Ots & Hõrak 1996) and the parasite genus involved in infection (Pigeault 

et al. 2018). 

These previous studies of the impact of age, haemosporidian infection and body 

condition on reproductive success usually did not consider the status of the partner (but see 

Perrins & McCleery 1985, Riddington & Gosler 1995). Yet age, reproductive status or body 

condition of both breeding partners may affect overall reproductive success. For example, 

female Great Tits and Black-legged Kittiwakes Rissa tridactyla breeding for the first time but 

paired with an older male begin to lay their eggs earlier than first time breeder females 

paired with sub-adult males (Coulson 1966, Harvey et al. 1979). In addition, and according 

to the compensation hypothesis (Gowaty 2008), individuals constrained by ecological 

factors or social status to reproduce with a second-choice partner may compensate or 

attempt to compensate for offspring viability deficits through enhanced investment in 

parental care (Bluhm & Gowaty 2004, Gowaty 2008, but see Haaland et al. 2017).  

 

In a previous study (Pigeault et al. 2018), we used a long-term data set to test the 

effect of infection and co-infection on individual reproductive traits of Great Tit. Here we 

use a subsample of the same long-term data set (with one additional year of data) to focus 

on the effect of the pair composition according to age, body condition or haemosporidian 

infection on reproductive parameters. Contrary to our previous study (Pigeault et al. 2018), 

the replication unit is here the breeding pair rather than the individual parents taken 

separately. This subsample is thus made of pairs for which complete information (i.e. age-

class, body condition and infection status) on both parents is available. Our chosen 

measures of reproductive success were laying date (as this is known to influence Great Tit 

reproductive success (e.g., Perrins 1970, Perrins & McCleery 1985), clutch size, the number 
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of hatched chicks and brood size when chicks were 14-days old, the latter reflecting parental 

ability to feed their chicks at the point of peak food demand (Gibb 1950), and the number of 

fledged chicks. At 14-days, we also measured chick body mass and tarsus length in order to 

derive a measure of nestling body condition.  

Based on previous studies of Great Tit pairs, assortative mating by age, body 

condition or infection status is not predicted to occur (Perrins & McCleery 1985, Isaksson et 

al. 2006, Bischoff et al. 2009). Laying date, however, should vary with female age, body 

condition and infection status (Perrins & McCleery 1985, Dhondt 1989). Sub-adult females, 

females with poorer body condition and females infected by haemosporidian parasite 

should lay later than adult and uninfected birds or individuals in better body condition. An 

effect of age could also be observed (Harvey et al. 1979). We predict a lower reproductive 

success in pairs composed of two sub-adult birds than in pairs with at least one adult parent 

(Riddington & Gosler 1995). However, we hypothesize a more pronounced effect of male 

than female age on reproductive success (Perrins & McCleery 1985) because  experienced 

males are predicted to be better at managing the energy expenditure associated with 

territory defence and attraction of females. Finally, we previously showed that co-infection 

of a parent by haemosporidian parasites reduced Great Tit survival rate but increased their 

current reproductive success (Pigeault et al. 2018). In this study, we used the infection 

status of both parents to investigate their combined effects on breeding parameters and 

reproductive success. 
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METHODS 

Study area and host species 

A total of 238 nest-boxes, designed to allow temporary extraction of the nest and contents, 

were installed in two study sites in the canton of Vaud in western Switzerland: (1) Dorigny, a 

17.6 ha forest patch on the campus of the University of Lausanne (46°31′25.607″N 

6°34′40.714″E, alt: 380 m) and (2) Monod, a 1180 ha rural forest (46°34′19.953″N 

6°23′59.204″E, alt: 660 m). Each year, all nest-boxes were cleaned before the breeding 

season by removing nesting material. Nest-boxes were regularly inspected from mid-March 

to June for thirteen consecutive breeding seasons (2005-2017). Laying date, clutch size, 

number of hatched chicks, number of chicks alive 14 days post-hatching and number of 

fledged chicks were recorded. To correct for between-year differences in average breeding 

time, laying date was standardized by using the first year of the study as reference (2005, 

April 1st = day 1). The differences in laying date between 2005 and each subsequent year 

(2006-2017) were subtracted from the actual laying date of that particular year (see 

Allander & Bennett 1995). Because the infestation of nests by ectoparasites as hen fleas 

Ceratophyllus gallinae is associated with a reduction in fledging success (Richner et al. 

1993), all nests were heat‐treated in a microwave oven two days after hatching for two 

minutes to kill all ectoparasites, in order to avoid this source of variance in reproductive 

success. During this procedure, we kept the chicks altogether in a bird bag and kept them 

warm close to our body. We placed the chicks back in their nest when the latter had cooled 

(usually after 2-3 minutes). 
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When nestlings were fourteen days old, adult Great Tits were caught in their nest-

boxes by using door traps mounted inside the nest-boxes. To avoid nest desertion, we spent 

at most 90 minutes per nest-box trying to catch both parents; if after that time one of the 

parents was not caught, we tried again the following day for another 45 minutes before 

giving up. Fourteen-day-old chicks and their parents were marked with an individually 

numbered aluminium ring (Swiss Ornithological Institute) and weighed with an electronic 

balance (0.1 g). The tarsus was measured using digital calipers (0.01 mm). The scaled mass 

index, which allows for allometry by including a scaling component, was used as a metric of 

body condition (Peig & Green 2009). It was computed as       
     

    
  , where Wind is the 

individual’s body weight, Tmean the population’s mean tarsus length, Tind the individual’s 

tarsus length and m the slope of the regression between the logarithms of body weights and 

tarsus lengths in the population (see Peig & Green 2009). The sex and age of both parents 

were determined using plumage characteristics (Svensson 1984) or ringing records when 

available. Because an exact age could not be assigned for a large proportion of parents (414 

of 848 birds), individuals were allocated as either sub-adults (first-year) or adults (second-

year or older). To investigate avian haemosporidian infection in parents, 30-50 μl of their 

blood was sampled by brachial venipuncture and collected in lithium-heparin lined 

Microvettes. Blood samples were stored at -20°C in SET buffer until molecular analysis. 

 

Molecular diagnosis of haemosporidian infections 

Plasmodium, Haemoproteus and Leucocytozoon were detected from blood samples using 

molecular methods. Briefly, DNA extraction from blood was achieved using the DNeasy 

tissue extraction kit (QIAGEN) according to the manufacturer’s protocol. A nested PCR, from 

the original protocol of Hellgren et al. (2004), was performed on all DNA samples. Nested 
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PCR products were sequenced in both directions as in van Rooyen et al. (2013). The 

sequences were assembled and edited and were then identified by performing a local BLAST 

search with the MalAvi database (Bensch et al. 2009). The birds were assigned to one of the 

following groups: uninfected, infected with a single genus (Plasmodium, Haemoproteus or 

Leucocytozoon) of parasite, or co-infected by two parasite genera (Plasmodium and 

Leucocytozoon or Haemoproteus and Leucocytozoon). Double peaks observed on DNA 

chromatograms were considered to be indicators of mixed infections. Because Plasmodium 

and Haemoproteus gene fragments (Cytb) were amplified with the same primer pair, we 

were not able to differentiate co-infections by Plasmodium and Haemoproteus lineages (i.e. 

co-infection by two genera) from mixed infections by Plasmodium or Haemoproteus 

lineages (i.e. infection by a single genus). For this reason, we excluded 

Plasmodium/Haemoproteus mixed/co-infections from the analyses (26 of 848 birds). 

 

Statistical analyses 

All statistical analyses were carried out using R statistical software (v. 3.3.1; R Core Team, 

2014). We used a subset of the data set used by Pigeault et al. (2018) for which all 

information on both the male and the female within a pair were available (the number of 

pairs per year and per population is given in the Table S1). Although the study populations 

were monitored over the whole study period (2005-2017), two experiments were 

performed during this time; one in 2006 and 2007 (Christe et al. 2012) and the second in 

2011 (see Delhaye et al. 2016). Only control pairs or pairs not included in these experiments 

were used in the dataset for these three specific years (Table S1).   

As preliminary analyses, we tested whether there was assortative mating in Great 

tits according to their age-class (sub-adult and adult), haemosporidian infection and body 
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condition. For the categorical variables age-class and haemosporidian infection, the 

proportion of each age-class pair combination was compared using chi-square tests. Similar 

analyses were performed to compare the proportion of the infection status of male and 

female involved in the pairs. The effect of body condition, a continuous variable, was 

investigated using a mixed modelling procedure with the female body condition as a 

response variable and male body condition and age-class as fixed factors. Year of capture 

and individual (ring number) were used as random factors to account for temporal and 

spatial pseudo-replication.  

 Laying date and reproductive parameters (clutch size, brood size at hatching, 

number and body condition of 14-days old chicks and number of chicks fledged) were 

analysed using mixed modelling procedures with a normal error structure (lme procedure, 

Pinheiro et al. 2018). Population (Dorigny, Monod), laying date (when it was not a response 

variable), male and female body condition, infection status and age-class were fitted as fixed 

factors. The interactions between male and female age class, male and female body 

condition, and laying date and population were also fitted in the models. Given the large 

number of possible combinations of male and female infection status and the large disparity 

in the frequency of these different combinations, it was not possible to add the interaction 

between infection status of both parents in the models. Year of capture and individual (ring 

number) were fitted as random factors to account for temporal and spatial pseudo-

replication. Nest-box identity was also used as random factor in order to control for nest-

box location. Nest location may impact the reproductive success and the health status (e.g. 

susceptibility to infections, food availability) of wild birds (Li & Martin 1991, Riddington & 

Gosler 1995, Wood et al. 2007). 
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In order to test the independence of predictor variables included in each model, 

pairwise correlations were tested. In all cases, the absolute value of correlation coefficients 

was lower than 0.1, suggesting that there were no co-linearity problems (Dormann et al. 

2013). Maximal models were simplified by sequentially eliminating non-significant 

interactions and terms to establish a minimal adequate model (model containing only the 

significant terms, Crawley 2012). The significance of the explanatory variables was 

established using a likelihood ratio test (LRT, Bolker 2008) and using P = 0.05 as a cut-off. 

The significant chi-square given in the text was for the minimal models, whereas non-

significant values correspond to those obtained before the deletion of the interaction or the 

deletion of the explanatory variable from the model. When an explanatory variable had a 

significant effect on a response variable and this explanatory variable had more than two 

levels (e.g., infection status) a posteriori contrasts were carried out by aggregating factor 

levels and by testing the goodness of fit of the simplified model (with the aggregating factor 

levels) using LRT. Maximal models are showed in Table S2 and the Minimal models in Table 

1. 

 

RESULTS 

Pair composition according to age, infection status and body condition  

We collected data on 419 pairs: 275 from Dorigny and 144 from Monod. The composition of 

pairs by age-class and infection status was similar between the two populations (age-

classes: χ2
1 = 0.570, P = 0.643; infection status: χ2

1 = 0.948, P = 0.414). Approximately half of 

the pairs were made up of two adults (49%), but sub-adult females were more often 

associated with adult males (25%) than with sub-adult males (17%, χ2
1 = 12.375, P = 0.0004), 
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and only 9% of adult females were paired with sub-adult males (Figure 1). More sub-adult 

females reproduced than sub-adult males (42% of sub-adult females and 26% of sub-adult 

males). Haemosporidian single- and co-infection prevalence was very high in both 

populations (Dorigny: single-infection = 31%, co-infection = 65%, Monod: single-infection = 

28%, co-infection = 70%). In almost half of cases (48%), pairs contained two co-infected 

parents (Figure S1); 35% of pairs contained one single- and one co-infected parent; and in 

11% of the cases, both parents were single-infected. An uninfected parent was involved in 

4% of pairs, with only two pairs composed of two uninfected birds. The proportion of each 

infection status did not differ between males and females (χ2
20 = 24, P = 0.2424). Assortative 

mating according to body condition was observed; male and female body condition within 

pairs was positively correlated (χ2
1 = 24.949, P < 0.0001, minimal model named model 1 in 

Table 1, Figure S2), independently of male age-class (χ2
1 = 0.001, P = 0.927, Table S2). 

 

Association of parental age, infection and body condition with laying date 

The laying date of pairs was significantly correlated with female body condition (model 2: χ2
1 

= 5.104 P = 0.024, Table 1). Females with the highest body condition laid eggs earlier than 

females with the lowest body condition (Figure S3 A). Laying date was not associated with 

male body condition (Figure S3 B), infection status or age-classes of either sex (model 2, 

Table S2). 

 

Association of parental age, infection and body condition with clutch and brood size 

Both clutch size and brood size at hatching correlated inversely with laying date (Figure S4) 

and differed between populations (clutch size: model 3: laying date χ2
1 = 44.624 P < 0.0001, 

population χ2
1 = 52.100 P < 0.0001, Brood size at hatching: model 4: laying date χ2

1 = 53.778 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

P < 0.0001, population χ2
1 = 41.515 P < 0.0001, Table 1). Pairs from Monod laid more eggs 

and had more hatched chicks than pairs from Dorigny (mean ± s.e., clutch size: Monod = 

9.05 ± 0.14, Dorigny = 7.90 ± 0.10, number of hatched chicks: Monod = 8.11 ± 0.15, Dorigny 

= 6.89 ± 0.12). Body condition, infection status and age-classes of both parents were not 

associated with clutch size and brood size at hatching (model 3 & 4, Table S2).  

 

Association of parental age, infection and body condition with 14-day-old chick number 

and quality 

The number of 14-day-old chicks varied inversely with laying date in Dorigny (Figure S5 A) 

but not in Monod (Figure S5 B, model 5: χ2
1 = 12.849 p = 0.0003, Table 1). Sub-adult males 

had fewer 14-day-old chicks than adult males (mean ± se: sub-adult = 6.02 ± 0.25, adult = 

6.80 ± 0.14, model 5: χ2
1 = 10.338 P = 0.001, Table 1, Figure 2 A). Male infection status was 

also associated with the number of 14-day-old chicks (model 5: χ2
1 = 14.517 P = 0.013, Table 

1). Infected and co-infected males had a higher number of 14-day-old chicks than uninfected 

birds (Figure S6). No effect of the female age-class, infection status or body condition of 

either parent was observed (model 5, Table 2, Figure 2 B). 

The average body condition of 14-day-old chicks within a brood was positively 

correlated to the body conditions of both females and males (model 6: χ2
1 = 4.42 P = 0.035, 

χ2
1 = 6.258 P = 0.012, respectively, Figure 3). No effect of the other studied parameters was 

observed (Table S2). 

  

Association of parental age, infection and body condition with reproductive success 

The number of fledged chicks varied inversely with laying date in Dorigny (Figure S7 A), but 

not in Monod (model 7: χ2
1 = 7.863 P = 0.005, Table 1, Figure S7 B). In addition, the number 
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of fledged chicks was higher in Monod (5.86 ± 0.26) than in Dorigny (4.69 ± 0.19). Pairs 

containing an adult male fledged more chicks than pairs containing a sub-adult male (3.75 ± 

0.31, 5.59 ± 0.17, respectively, model 7: χ2
1 = 33.412 P < 0.0001, Table 1, Figure 2 C). Male 

infection status was also associated with the number of fledged chicks (model 7: χ2
1 = 

12.970 P = 0.025, Table 1). Males co-infected by Haemoproteus and Leucocytozoon had a 

higher number of fledged chicks than males infected by either or both of Plasmodium and 

Leucocytozoon (Figure 4). The number of fledged chicks was not related to the female age 

class or infection status (model 7: χ2
1 = 0.002 P = 0.964, χ2

1 = 7.422 P = 0.191, respectively, 

Table S2, Figure 2 D).  

 

DISCUSSION 

In this study, we collected reproductive data on 419 pairs of Great Tits to evaluate the 

effects of pair composition and the relative importance of maternal and paternal status 

(age, body condition and haemosporidian infection) as correlates of laying date and 

reproductive parameters. The infection status of males was positively associated with the 

reproductive success of pairs, irrespective of the infection status of the female. In addition, 

while female age-class was not associated with any reproductive parameters, sub-adult and 

adult males differed in their access to reproduction and in their ability to fledge chicks. First-

year males had lower reproductive success than older males. 
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Association of male age with pair composition and reproductive success 

In the two studied populations, there were fewer sub-adult breeding males than females. 

Indeed, both adult and sub-adult females were predominantly paired with adult males. A 

long-term study carried out on the breeding of the Oxfordshire (UK) Great Tit population 

also showed a lower proportion of sub-adult males than sub-adult females, but contrary to 

our study, no evidence for assortative pair formation was observed (Perrins & McCleery 

1985). Great Tit populations typically have a balanced sex ratio at fledging (Lessells et al. 

1996, Kabasakal & Albayrak 2012), which suggests that sub-adult males have either (i) a 

lower survival rate than sub-adult females or (ii) reduced access to reproduction when 

compared to older males, as shown in other bird species (Loffredo & Borgia 1986, Enstrom 

1993, Lozano et al. 1996, Freeman-Gallant & Taff 2017). No sex-biased survival rate was 

observed in the two Great Tit populations used in this study (Pigeault et al. 2018), which 

suggests that the latter explanation is more likely. Limited access to reproduction for young 

males might be caused by a female preference for adult males. Sexual selection in Great Tits 

is based on plumage and song characteristics (Richner 2016), and these traits vary with age 

(Evans et al. 2010, Rivera-Gutierrez et al. 2010 but see Isaksson et al. 2008). Females may 

prefer traits values that are found in adult males. Indeed, an important result of our study is 

that pairs including a sub-adult male fledged one-third fewer chicks than pairs with an adult 

male.  This difference was already apparent with the number of 14-day-old nestlings. 

However, this was not due to a variation in clutch or brood size between pairs composed by 

adults or sub-adults males. The higher survival rate observed in chicks reared by adult males 

might be explained by better direct benefits, such as better territories (Krebs 1971, Pärt 

2001, but see Low et al. 2007), but also by better parental care (Shealer & Burger 1995, 

Limmer & Becker 2009) provided by adult males due to their experience. The cumulative 
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effects of an increase in experience (Krebs 1971, Shealer & Burger 1995, Pärt 2001, Limmer 

& Becker 2009) and the selection of high-quality males from one year to another (Kokko & 

Lindstrom 1996) may explain the increase in reproductive success between sub-adult and 

adult males.  

Only the age-class of males was associated with the reproductive success of a pair. 

This might be due to the allocation of resources in mate attraction and territory defence 

(Ydenberg & Krebs 1987, Thomas 2002) that can improve with age (Forslund & Pärt 1995). 

Breeding experience could exacerbate the differences between sub-adult and adult males 

with adult males better at dealing with these energy expenditures than sub-adult males. 

 

Effect of parental body condition and differences between study populations 

Another important result of our study was the positive relationship observed between the 

body condition of the two parents. Males with better body condition, independently of their 

age-class, tend to have a better access to the higher quality females. This assortative mating 

may have strong impact on the reproductive success of pairs. Indeed, we observed a 

positive correlation between parental and nestling body condition at day 14 post-hatching. 

Previous studies of Great Tits have shown that fledglings with higher body condition have a 

higher survival rate (Norris 1990, Naef‐Daenzer et al. 2001). The body condition of females 

was also associated with laying date. Better-condition females laid eggs earlier. This 

relationship has a significant effect on the reproductive success of pairs since we have 

shown that, as in many bird species, earlier laying dates result in higher reproductive 

success (Desrochers & Magrath 1993, Oppliger et al. 1994, Christians et al. 2001, Harriman 

et al. 2017). This result may be explained by a better overlap between chick energy 

requirements and food availability early in the season (Van Noordwijk et al. 1995). However, 
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this relationship was observed only in the Dorigny population. The main difference between 

our two populations is habitat: Dorigny is a peri-urban forest patch on the campus of the 

University of Lausanne while Monod is a large forest massif. Environmental quality has a 

significant effect on bird reproduction (Riddington & Gosler 1995) and, as expected, we 

observed a higher overall reproductive success in the rural population. This difference may 

be partly explained by both the quality and the quantity of resources present at each site. 

Abundance and quality of food change drastically according to environment. For instance, 

urban environment is usually associated with a lack of protein-rich diet (Schoech & Bowman 

2003, Seress et al. 2018), carotenoids (Giraudeau et al. 2015) and calcium (Heiss et al. 2009), 

which may impact chick nutrition (Riddington & Gosler 1995, Toledo et al. 2016) and 

ultimately negatively affect their development (Toledo et al. 2016, Biard et al. 2017). Such 

differences may explain the different relationships between laying date and reproductive 

success observed in our rural (Monod) and urban (Dorigny) populations. However, only 

population replicates would confirm this result. 

 

Parental haemosporidian infection and pair reproductive success 

Haemosporidian infection may have a negative (Merino et al. 2000, Knowles et al. 2010, 

Asghar et al. 2015), positive (Richner et al. 1995, Oppliger et al. 1997, Norte et al. 2009, 

Christe et al. 2012, Pigeault et al. 2018) or no effect (Bensch et al. 2007, Asghar et al. 2011, 

de Jong et al. 2014) on reproductive success, depending on host and parasite genotypes. In 

the two populations of Great Tits used in this study, the prevalence of haemosporidian 

infection and co-infection was very high and similar among sexes and age-classes (Pigeault 

et al. 2018). It is therefore difficult to estimate the advantage of being uninfected in terms 

of reproductive success without an experimental approach. Nevertheless, in a recent study 
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with a sample size of approximately 1200 Great Tits, we found that birds co-infected had a 

higher reproductive success than single-infected individuals (Pigeault et al. 2018). In this 

previous study, no interaction between sex and infection was observed, suggesting a similar 

effect of haemosporidian infection on the reproductive success of birds of both sexes. 

However, the results obtained here temper our previously published results. Using the pairs 

and not the individuals as a replication unit in the models leads to more contrasting 

observations. Only the infection status of males impacted significantly the number of chicks 

alive 14 days after hatching and ultimately the number of chicks fledged. The effect of the 

infection on Great tit reproduction therefore seems to be mainly driven by male 

parameters. In our populations, most infected females were paired with an infected male. 

Therefore, analysing the effect of a parent's status without considering the effect of its 

partner can lead to biased interpretation of the results.  

 In addition, experimental tests are needed to assess the causal links between the 

modelled variables and their interactions. As we observed a higher reproductive success in 

older birds, and considering the fact that the probability of being infected increases with age 

(in our populations, the annual probability for an uninfected bird to become infected or for 

a single-infected bird to become co-infected is 37.9% +- 17.8 and 52.9% +- 5.6 respectively, 

Pigeault et al. 2018), the roles of each parameter and the directionality of their effect are 

unclear. While the positive association between infection and reproductive success might 

reflect an increased investment in reproduction of birds whose survival prospects are 

challenged by infection (Agnew et al. 2000), it might also be the result of the immunological 

cost of a higher allocation of resources into current reproduction (for a review see Knowles 

et al. 2009). This result could also be a derived consequence of a differential mortality in 

infected and uninfected birds related to their quality (Sánchez et al. 2018, Jiménez-Peñuela 
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et al. 2019). Low-quality individuals would experience a high mortality rate caused by 

infection while the high-quality individuals are able to both achieve high reproductive 

success and tolerate infection (Sánchez et al. 2018). 

 

Other factors potentially influencing pair reproductive success 

Other factors may influence the reproductive success of Great Tits in our study populations. 

For instance, we eliminated the ectoparasites a few days after hatching in order to reduce 

the variance caused by their effect on reproductive success, as demonstrated by Richner et 

al. (1993). Indeed, these authors experimentally showed that hen flea infestation caused an 

increase in nestling mortality and a reduction of fledging number and success. Although we 

did not directly observe fleas, lice or blowflies in the nests at the time of fledging, 

infestation may occur after the cleaning of the nests and we cannot exclude that some 

ectoparasites still affected reproductive success. In addition, we observed some ticks 

around the eyes of adult birds, which were not quantified but could also affect reproductive 

success. Another limitation of this study is that we did not consider a potential second 

brood (Smith et al. 1987). Even if only a very small proportion of pairs initiated a second 

brood in our study populations, this may influence our results. Finally, to reach a better 

understanding of the effect of haemosporidian infection on reproductive success, 

haemosporidian infection intensity using a qPCR protocol should be performed to 

investigate the potential association between infection intensity and reproductive success. 

 

Conclusion 

In conclusion, we show that the reproductive success of Great Tit pairs was mainly 

associated with the age-class of males; the number of fledged chicks increased markedly 
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between pairs containing a sub-adult male and pairs with an adult male. We highlighted 

that this difference was not caused by differences in male fertility. A cross-fostering 

experiment could help to disentangle the relative influence of genetic quality (adult males 

having proven their quality by surviving) and experience (adult males having learnt how to 

take care of a brood) on pair reproductive success. The reproductive success of pairs was 

also higher when the males were co-infected by Leucocytozoon and Haemoproteus. In our 

Great Tit populations, these two parasite genera were composed of several parasite 

lineages (Leucocytozoon = 24 lineages, Haemoproteus = 7 lineages) and future work should 

focus on the effect of each haemosporidian lineage but also on the effect of the most 

prevalent combinations on reproductive success. 
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Table 1: Summary table of minimal mixed effect models 

Response variable Explanatory variables χ2
1 Pr(χ2

1)   Estimate s.e 

model 1: Female 
body condition 
(N = 419) 

Intercept 
   

12.94 0.86 

Body_conditon_Male 24.949 5.885E-07 *** 0.26 0.05 

model 2: Laying 
date 
(N = 364) 

Intercept 
   

51.99 7.02 

Body_conditon_Female 5.104 0.024 * -0.96 0.4 

model 3: Clutch size 
(N = 364) 

Intercept 
   

10.9 0.43 

Laying_date 44.624 2.39E-11 *** -0.08 0.01 

Population 52.1 5.28E-13 *** Monods = 1.14 Monods = 0.16 

model 4: Number of 
hatched chicks 
(N = 350) 

Intercept 
   

10.48 0.5 

Laying_date 53.778 2.25E-13 *** -0.1 0.01 

Population 41.515 1.17E-10 *** Monod = 1.27 Monod = 0.19 

model 5: Number of 
14-day old  
chicks alive  
(Box-Cox 
transformation, λ = 
1.33)  
(N = 271 ) 

Intercept 
   

25.33 3.31 

Infection_Status_Male 14.517 0.013 * 

Ni = -10.9, Lcz = -
7.99, Plsm = -8.88 
Lcz/Hm = -7.88, 
Lcz/Plsm = -8.24 

Ni = 3.27, Lcz 
=3.13, Plsm = 
3.12 
Lcz/Hm = 3.15, 
Lcz/Plsm = 3.08 

AgeClass_Male 10.338 0.001 ** Sub adult = -1.39 0.43 

Laying_date : Population 12.849 0.0003 *** Monod = 0.22407 Monod = 0.06201 

model 6: 14-day-old 
chick body 
condition 
(N = 309) 

Intercept 
   

8.15 1.79 

Bodyconditon_Male 6.258 0.012 * 0.21 0.08 

Bodyconditon_Female 4.42 0.035 * 0.17 0.08 

model 7: Number of 
fledged chicks  
(N = 341) 

Intercept 
   

11.42 2.64 

Infection_Status_Male 12.790 0.025 * 

Ni = -1.51, Lcz = -
1.49, Plsm = -2.72 
Lcz/Hm = -0.81, 
Lcz/Plsm = -1.86 

Ni = 2.60, Lcz 
=2.53, Plsm = 
2.50 
Lcz/Hm = 2.53, 
Lcz/Plsm = 2.49 

AgeClass_Male 33.412 7.455e-09 *** Sub adult = -1.68 0.3 

Laying_date : Population 7.863 0.005 ** Monod = 0.12 0.04 

 
Notes. In each minimal mixed effect models, year of capture, individual (ring number) and 
nest-box identity were used as random factors. The response variable was not transformed 
unless otherwise stated (superscript indicates λ in Box-Cox transformation). Minimal models 
are given with intercept as well as estimates, standard errors (s.e.), Chi-square and P values 
for each specific term. N gives the number of birds included in each analysis. P value < 0,1, 
*P value < 0.05, **P value < 0.001, ***P value < 0.0001. Abbreviation: Single infection = Plsm: 

Plasmodium sp., Lcz : Leucocytozoon sp., Hm : Haemoproteus sp. Co-infection = Lcz/Plsm: 

Leucocytozoon/ Plasmodium, Lcz/Hm: Leucocytozoon/Haemoproteus sp.
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Figures  

 

Figure 1: Female age-class plotted as a function of male age-class within breeding pairs. The 

diameter of the symbol is proportional to the sample size. 
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Figure 2: Effect of male and female age-classes on annual reproduction. A, B Effect of parent 

age-classes on the number of 14-day-old chicks. C, D Effect of parent age-classes on the 

number of fledged chicks. Violin plots were constructed to show the spread and density of 

the raw data. Boxplots were constructed to show the predicted value from the minimal 

models. Boxes above and below the medians (horizontal lines) show the first and third 

quartiles, respectively. White points represent the means. Light blue: sub-adult male, dark 

blue: adult male, light red: sub-adult female, and dark red: adult female. NS: non-significant, 

**: P < 0.01, ***: P < 0.001.  

 

 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

 

Figure 3: Chick body condition plotted as a function of (A) male and (B) female body 

condition. 

 

 

Figure 4: Effect of male great tit haemosporidian infection on the number of fledged chicks. 

Levels not connected by the same letter are significantly different. Error bars represent ± 

s.e. 
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Supporting information 

Additional supporting information may be found online in the supporting Information 

section at the end of the article 

Table S1.  Number of pairs used per great tit population and per year. 

Table S2. Summary table of maximal mixed effect models 

Figure S1: Female haemosporidian infection status plotted as a function of male 

haemosporidian infection status within breeding pairs. Acronyms: Hm: Haemoproteus, Lctz: 

Leucocytozoon, and Plsm: Plasmodium. The diameter of the symbol is proportional to the 

sample size. 

Figure S2: Female body condition plotted as a function of male body condition within 

breeding pairs. 

Figure S3: Relationship between (A) female and (B) male body condition and laying date. 

Figure S4: (A) Relationship between the clutch size of pairs and their laying date. (B) 

Relationship between the number of hatched chicks and the laying date. 

Figure S5: Relationship between the number of 14-day-old chicks in the nest and the laying 

date in (A) Dorigny and (B) Monod population. 

Figure S6: Effect of male great tit haemosporidian infection on the number of 14-day-old 

chicks. 

Figure S7: Relationship between the number of fledged chicks and the laying date in (A) 

Dorigny and (B) Monod population.  

 


