Apparent physiological costs of blood parasites in the early-life of a vertebrate host - only during acute infections
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Abstract 
1. Parasites stimulate and reinforce diverse defence mechanisms in their hosts. Defence components may contribute to resistance, i.e., the suppression of parasites, and to tolerance i.e., the capacity to limit the costs caused by parasites. An emergent and particularly challenging task of eco-immunology is to differentiate defence types and to recognise if, how, and when they affect fitness. 
2. We studied the potential physiological effects of infection through a field experiment in a wild population of a long-lived bird of prey, the common buzzard Buteo buteo. A large part of the nestlings in our study population are infected by Leucocytozoon, a blood parasite that can cause malaria-like conditions. To find potential costs of infection, we compared the growth rate, body condition change, body temperature and breathing rate of chicks with different levels of parasitemia. In parallel, we compared nestlings of four experimental groups: (i) nestlings uninfected throughout the experiment, (ii) infected chicks with either increasing or (iii) peak infection and (iv) nestlings with naturally or treatment-induced decreasing infections. We expected costs suggestive of resistance to appear in individuals when parasitemia was increasing and at its peak in contrast to chicks with decreasing parasitemia and uninfected hosts.
3. We found no difference in physiological costs between infection stages, indicating low immediate costs of infections and potential tolerance. However, depending on the stage of infection, host health decreased with infection intensity. 
4. This may suggest higher physiological costs of innate compared to acquired resistance. Rather than mounting costly innate responses, buzzard chicks may tolerate low to intermediate parasitemia of their most common blood parasite until the acquired immunity engages. Nestlings with long developmental periods may therefore be an overall tolerant developmental stage, thus enabling transmission and defusing the resistance-virulence arms-race. 
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Introduction
Parasites have, by definition, negative fitness consequences for their hosts and therefore play an important role in their life histories and evolution. Parasitic adaptations are selected for facilitating life cycle completion and transmission aided by diverse immune evasion mechanisms. Furthermore, parasites can affect survival and reproduction through diverse non-lethal but costly effects on the physiology, behaviour and ecology of their host (Knowles et al., 2010; Poulin, 1998; Dunn et al., 2013; Townsend et al., 2018). Correspondingly, hosts can develop two main defence traits to cope with infections: resistance and tolerance. Resistance consists of the actions of the host immune system to reduce or clear pathogen infections, whereas tolerance unites the mechanisms lowering parasite-induced costs, independent of parasite suppression (Little et al., 2010; Medzhitov et al., 2012; Raberg et al., 2007). Current models assume tolerance to be constant in individuals over the course of an infection (Råberg et al., 2009) but findings of individual and age variation in tolerance-relevant traits over time suggest individual- and state-dependent tolerance to be more realistic (Arriero et al., 2018; Johnson et al., 2011). During the course of infections, response components are activated which likely combine and trade-off resistance and tolerance (Best et al., 2008; Råberg, 2014).  While both resistance and tolerance can lead to improved host fitness, these two non-exclusive response components have opposite effects on parasite evolution: resistance has negative effects on parasite reproduction, stimulates counter-adaptations, reinforcing evolutionary arms-races and can thereby stimulate virulence (Gandon et al., 2001). On the contrary, tolerance can have a neutral or even positive effect on parasite reproduction and transmission, presumably exerting on them rather soft selection pressures or none at all (Råberg, 2014). Hence, when fighting a parasite becomes too costly, tolerance may be applied preferentially over resistance. 
In many taxa and populations, infection with parasites and other symbionts can occur already in early life (Ashby & Bruns, 2018; Cowman, n.d.; Kubi et al., 2006; Panter & Jones, 2002) and young hosts can be particularly prone to intense parasite infections (Townsend et al., 2018; World Health Organization, 2016; Herman et al., 1975). During the early stages of development, the adaptive immune capacities may not be fully developed, which could reduce the risk of pervasive autoimmunity. This may render infants more susceptible and slower at clearing parasites compared to adults, thus making some childhood infections life-threatening (Ashby & Bruns, 2018; Simon et al., 2015). However, in many cases, organisms typically experience some infections before immune maturity and effective suppressive resistance are achieved. Such young hosts, which are both accessible and susceptible, may face strong selection for tolerance and robustness until resistance to the pathogen is acquired. Early life host-parasite interactions can therefore have important consequences for the regulation and evolution of populations but are still insufficiently understood. 
Here, we investigated effects of young-age infection in wild raptor nestlings using four physiological parameters as informative proxies of potential immune-related costs. We manipulated blood parasite infections to evaluate whether nestlings during increasing and at peak parasitemia would bear higher costs from parasitic infections compared to nestlings with decreasing parasitemia and uninfected ones.
Haemosporida (Eukaryota, Protista) include several major genera of blood parasites such as Plasmodium, Haemoproteus and Leucocytozoon. In contrast to many members of Plasmodium, Haemoproteus and Leucocytozoon have a relatively narrow host specificity, which makes them more dependent on effective transmission within their host species compared to generalist parasites (Schmid-Hempel, 2013). In the host, parasitemia (frequency of infected host cells) usually first increases and then decreases rapidly, displaying phases of pre-patent, peak and chronic infection (Figure 1A, Valkiūnas, 2005). During the pre-patent phase, parasites are absent in the blood as they only start developing in internal organs (e.g., liver and spleen). Merozoites are released into the blood to invade erythrocytes and blood parasitemia increases until reaching peak infection, which might last up to several days. When the humoral immune system succeeds to mount a response to the infection, parasitemia falls, and after a variable amount of time, establishes at low chronic levels, usually followed by relapses or effective clearance (Figure 1 A & B, Snounou et al., 1989; Valkiūnas, 2005). Altogether, effects of blood parasite infection are expected to occur during the pre-patent and acute stages of infection (e.g. until peak parasitemia) when tissue damage and inflammation are highest, rather than during chronic and low parasitemia when recovery ensues (Williams, 2005).
In this study, we performed an experiment to examine the effects of blood parasite infection on physiological traits in nestlings of wild common buzzards, Buteo buteo. In this population, nestlings are mostly infected by Leucocytozoon and the prevalence of infection can surpass 50% before fledging (Chakarov et al., 2017; Wiegmann et al., 2021). We manipulated the levels of parasitemia in order to measure whether they affect physiological traits that would suggest immunity-related costs to hosts in response to avian blood parasite infection. We predicted that 
i) under a scenario of dominating resistance, nestlings with increasing or peak parasitemia would be investing in a suppressive response, firstly through mobilization of costly innate immune components and would therefore have deteriorating body condition, lower growth rate, worse thermoregulation and higher breathing rate compared to uninfected nestlings or such with decreasing infection intensity. We also expected that the magnitude of change would be correlated with infection intensity. In this scenario tolerance is a constitutive but subdominant component of coping with the parasites at any point of the infection course and individual age (Figure 1B).
ii) under a scenario where tolerance dominates the response (while potentially decreasing with age), physiological parameters indicative of resistance-related investment (i.e. body temperature) were not expected to correlate with the infection stage or infection intensity. Similarly, as tolerance is not directly dependent on infection intensity, parameters indicative of parasitic damage (e.g. body condition, breathing and growth rates) were not expected to correlate with infection intensity while costs due to increase of innate immunity were expected to be minor (Figure 1B). Hence, we predicted that under this scenario body temperature, change in body condition, breathing and growth rates would be similar in all test groups.
In both scenarios the natural decrease of parasitemia is expected to start with the onset of the effective adaptive immune response. 


Materials and methods
Host-parasite system
	Common buzzards (Buteo buteo) are accipitriform birds of prey that breed in temperate Eurasian forests, in solitary nests at heights between 10 to 30 m. They prey on diverse small animals with a strong preference and dependence on microtine rodents. The breeding success is strongly dependent on the cycles of their main prey species, the common vole. Leucocytozoon toddi (Eukaryota, Protista, Haemosporidiae, lineages MILANS04 and MILVUS01) is by far the most common blood parasite in our study population of common buzzard. Common buzzards are the most common accipitriform in Germany, are long-lived birds (up to thirty years old) and have the highest prevalence of blood parasites of the genus Leucocytozoon among sympatric raptor species (Wiegmann et al., 2021), suggesting that they are the principal co-evolutionary partner of Leucocytozoon toddi. The linkage of both co-evolving organisms may be even tighter as the vector-borne transmission of Leucocytozoon (Chakarov et al., 2020) has been suggested to mostly occur in a quasi-vertical direction. Black fly vectors may first suck blood from infected parents at the nest site and predominantly transmit the same genetic pool of parasites to the nestlings. Indeed, parasites of sibs appear to be more genetically similar then parasites of unrelated hosts (Chakarov et al., 2015). 
Data collection
The study was performed in a 300 km² study area in North Rhine-Westphalia, Germany (8°25’ E and 52°06’ N). From 2016 to 2020, 276 common buzzard nestlings (n = 32, 65, 71, 108 in 2016, 2018, 2019, 2020 respectively) were sampled. All individuals were resampled on average eight days after first sampling (mean ± s.d. = 8.36 ± 4.21 days, range 4-25 days). Nestling age was estimated using a sex-specific polynomial regression between age and wing length, based on growth data for buzzards of known age (Bijlsma et al., 1998). The average estimated age of nestlings at second sampling was 27.84 days (± s.d. 5.36), an age where nestling infection status is usually already fixed and microscopically visible (Chakarov et al., 2015). By sampling late in the rearing period, we ensured that most parasites had time to develop within infected nestlings. Among the sampled nestlings 66% (N=183) were infected during at least one of the two time points, whereas 34% (N=93) were not infected at both time points; only few nestlings naturally displayed decreasing parasitemia between both samplings. This suggests that on average the sampling effort was done during or before peak parasitemia of the nestling population. Blood smears were screened by microscopy for Leucocytozoon infection at first and second sampling. The intensity of infection was scored on a scale from zero (no infection), one, two, three and four (high parasitemia). Decreasing parasitemia was experimentally achieved by giving 7mg of an antimalarial medicine (MalaroneTM; Atovaquone and Proguanil Hydrochloride, GlaxoSmithKline, UK) solved in water to a random subset of sampled nestlings in 2018, 2019 and 2020. Control nestlings did not receive antimalarial medicine. Similar treatments have been previously shown to significantly reduce the prevalence of Plasmodium in bird populations (Knowles et al., 2010; Palinauskas et al., 2009; Schoenle et al., 2017). According to the change in infection intensity between both samplings, the 276 nestlings were separated into four groups: (i) uninfected nestlings (no apparent infection at both samplings, n = 93), (ii) increasing infection (n = 92), (iii) peak infection (i.e., high stable infection intensity, n = 24) and (iv) decreasing infection (n = 67). These groups were considered to reflect the infection stage along the expected course (Figure 1A). Since decreasing infections could be either due to natural causes or assisted by medication, we included an interaction between i) infection stage or ii) infection intensity and treatment in the mixed models (see details below). 
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Figure 1: A) Theoretical dynamics of parasitemia in a host. The y-axis is parasitemia, i.e., score of infection intensity. The x-axis represents time with the different phases of parasitemia. The corresponding infection stages at resampling (1 = uninfected, 2 = increasing, 3 = peak and 4 = decreasing) are shown as vertical colour bands. The top right diagram shows the average interval between first (t0) and second (t1) sampling. B) Two contrasting scenarios for the development of potential host responses to infection at the corresponding parasitemia stage. The y-axis corresponds to coping effectiveness, where each response component (tolerance, innate and adaptive response) is expected to show a characteristic magnitude of relative costs.
Cost-indicative physiological parameters
At first and second sampling, we measured the body weight (to the nearest 5 g) with a spring scale and the respiratory rate (duration of 30 breathings in seconds) of each nestling. The cloacal temperature (henceforth body temperature, measured with an electronic thermometer) was recorded in 2019 and 2020. The repeatability of the temperature measures was R²= 0.91 (CI = 0.81 – 0.96, P < 0.001), calculated from 27 paired measures taken on both adults and nestling common buzzards. The average mean of these paired measures was 40.35°C and the average standard deviation was ± 0.39°C. To control for an ambient temperature effect on the body temperature of the nestlings, the average daily temperatures of the sampling days were obtained from a 50 km² grid from the NASA POWER Project (Sparks, 2022). Growth rate was calculated as the weight change between first and second sampling divided by the difference in days separating the two measurements. The body condition index of a nestling was estimated for each sampling event as the residual variance of the sex-specific linear regression between weight and wing length (log-transformed) based on standard growth data of common buzzard nestlings (Bijlsma et al., 1998). To account for differences in between-individual initial body condition, we used the change in body condition between the second and first sampling as a proxy in our models.

Statistical analyses

We fitted a linear mixed model to estimate the effect of antimalarial treatment on the infection intensity change of the nestlings between first and second sampling, adding year and interval between samplings as covariate and nest ID as random factor. As suggested by Raberg et al. (2007), we used regressions explaining a potential fitness-informative trait and infection intensity to interpret their intercept as a proxy of resistance and their slope as a proxy of tolerance. Intercepts at infection intensity = 0 were compared among infection stages based on estimated marginal means and slopes were compared among them and to zero using the emmeans (Lenth, 2022) package in R 4.0.2 (R Core Team, 2020). To examine the relationship between (i) host infection stages and (ii) infection intensity with different cost-related physiological parameters, we used linear mixed models fitted by REML as implemented in lme4 (Bates et al., 2014). All models met equivariance and independence of the residuals as well as residuals normality. We fitted one model for each of the four physiological parameters: breathing rate, body temperature, Δ body condition and growth rate as the response variable, respectively. As fixed factors, we specified either (i) the infection stage or (ii) the infection intensity, sampling interval (in days), year of sampling (to estimate inter-annual variation), sex and age (to account for age-related variation in physiological parameters). To account for differences in the response variables due to the anti-malarial treatment, we included the interaction between the infection stage (or infection intensity) and the treatment (antimalarial treatment versus control) as fixed factor in all models. To improve convergence of the models and the interpretation of their estimates, numerical explanatory variables were standardized using a z-transformation (Schielzeth, 2010). Family ID was fitted as a random factor in all models to consider nestling relatedness. All models are described in detail in Table 1. Post-hoc tests were implemented when a fixed factor was significant, to assess pairwise differences between factor levels.

Table 1: List of the four linear mixed models testing the relationships between (i) infection stages or (ii) infection intensities and physiological parameters related to cost of infection.
	Response variables
	Fixed variables
	Random variables

	i) Infection stages
	
	

	Breathing rate
	Infection stage + Infection stage : Treatment + Sampling interval + Age + Weight + Sex + Ambient temperature + Year
	+ (1| Nest ID)

	Body temperature 
	Infection stage + Infection stage : Treatment + Ambient temperature + Sampling interval + Age + Weight + Sex + Year
	

	Δ Body condition 
	Infection stage + Infection stage : Treatment + Sampling interval + Sex + Age + Year
	

	Growth rate 
	Infection stage + Infection stage : Treatment + Sex + Sampling interval + Age + Year
	

	ii)  Infection intensity
	
	

	Breathing rate 
	Infection intensity + Infection intensity : Treatment + Sampling interval + Age + Weight + Sex + Ambient temperature + Year
	+ (1| Nest ID)

	Body temperature 
	Infection intensity + Infection intensity : Treatment + Ambient temperature + Sampling interval + Age + Weight + Sex + Year
	

	Δ Body condition 
	Infection intensity + Infection intensity : Treatment + Sampling interval + Sex + Age + Year
	

	Growth rate 
	Infection intensity + Infection intensity : Treatment + Sex + Sampling interval + Age + Year
	


 Results
In 2016, 2018, 2019 and 2020, 276 nestlings from 139 different broods were sampled twice. Of them, 93 nestlings were uninfected at both first and second sampling, 92 had an increase in infection intensity, 24 were at stable peak parasitemia and 67 had decreasing parasitemia. No mortality was recorded during this experiment. 
Efficiency of the antimalarial treatment
The number of infected nestlings remained stable in the treated group while it increased in control nestlings between pre and post treatment samplings (Figure 2A). The antimalarial treatment significantly reduced the infection intensity change of the treated nestlings (Treatment [Malarone]: est. = -1.77, s.d. = 0.28, df = 177, t-value = -6.45, P = 1.03e-9, Figure 2B). However, initial infection intensity was higher in treated than in control nestlings (permutation two sample t-test, mean ± s.d.: Control = 0.86 ± 1.34, Malarone = 1.58 ± 1.57, t = -3.97, P = 0.002), highlighting a potential unbalanced group attribution (Figure 2B).
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Figure 2: (A) First-to-second sampling count of uninfected and infected nestlings between treatments (control versus antimalarial treatments). (B) First-to-second sampling mean infection intensity between control and Malarone-treated nestlings. Error bars represent standard errors.
Reaction norms of host health to infection intensity
Overall body condition decreased with increasing infection intensity at second sampling (est. = -7.02, s.d. = 3.16, t = -2.22, df = 274, P = 0.027). Body condition decreased with parasitemia particularly in nestlings with increasing and peak infections, in contrast to nestlings with decreasing parasitemia where condition did not decrease with infection intensity (Figure 3, Table 2). Moreover, slopes of increasing and decreasing parasitemia tended to be different (Table 2). 

Table 2: Comparison of slopes of a linear regression between infection intensity at second sampling (categorical from one to four) and body condition change (proxy for host health) among nestlings in three infection stages (i). Pairwise comparisons tested differences in slopes of the infection stages in this regression. We also performed slope comparison to test whether these slopes differed from zero (ii).
	Body condition change ~ Infection intensity at 2nd sampling
	Estimates
	Standard-error
	Df
	t ratio
	P-value

	Intercept comparisons
	
	
	
	
	

	Increasing – Peak
	-72.30
	96.00
	177
	-0.75
	0.732

	Peak – Decreasing
	80.80
	27.30
	177
	2.96
	0.010

	Peak – Decreasing
	153.10
	95.50
	177
	1.60
	0.247

	i. Slope comparisons
	
	
	
	
	

	Increasing – Peak
	17.70
	24.23
	177
	0.73
	0.745

	Increasing – Decreasing
	-20.50
	9.61
	177
	-2.13
	0.086

	Peak – Decreasing
	-38.20
	24.65
	177
	-1.55
	0.270

	ii. Slope comparison to zero
	
	
	
	
	

	Increasing
	-24.08
	5.99
	177
	-4.02
	<0.001

	Peak
	-41.80
	283.47
	177
	-1.78
	0.054

	Decreasing
	-3.59
	7.52
	177
	-0.48
	0.591
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Figure 3: Relationship between body condition change (proxy of host health) and parasitemia at second sampling (parasitic load as a score from 1 to 4). Reaction norms are displayed for each of the infection stages (blue: increasing, yellow: peak and red: decreasing parasitemia). Comparisons of reaction norms among infection stages and in comparison to a null slope are presented in Table 2.
Body condition change between infection stages
The change in body condition did not differ among infection stages (Table 3B), but nestlings with acute infections (level 4) tended to have a lower body condition change compared with uninfected nestlings (est. = -33.90, CI = -71.88 – 4.09, t = -1.76, P = 0.08, Table 4B). There was a significantly higher body condition in 2020 compared to 2016. No evidence for effects of age and interaction between infection stages and treatment on change of body condition was found.

Breathing rate according to infection stages
 We found no difference in breathing rate attributable to infection stage or infection intensity (Table 3A & 4A respectively). Heavier nestlings were breathing more slowly, regardless of their infection status (est. = -2.62, CI = -4.20 – -1.04, t = -3.26, P = 0.001). The breathing rate of nestlings correlated negatively with ambient temperature (est. = -3.01, CI = -4.19 – -1.83, t = -5.06, P < 0.001). Breathing rates in 2018 and 2020 were significantly lower than in 2016 (Table 3A). There was no significant effect of the interaction between antimalarial treatment and infection status on the breathing rate. 
Body temperature according to infection stages
We found no difference in body temperature among infection stages (Table 3A). However, we found that body temperature decreased as infection intensity increased, leading to significantly lower body temperature of nestlings with acute parasitemia (level 4) compared with uninfected nestlings (est. = -0.81, CI = -1.38 – -0.24, t = -2.80, P = 0.006, Table 4A). Body temperature of nestlings was positively explained by ambient temperature and was negatively related to the day interval between both samplings. After accounting for ambient temperature, nestlings of 2019 still had a lower temperature than in 2020 (Table 3A). There was no effect of the interaction between antimalarial treatment and infection status on the body temperature. 
Growth rate between infection stages
We found that growth rate of nestlings did not differ between different infection trajectories after accounting for potential confounding factors, despite non-significant impressions of a decrease in later infection stages (Table 3B, Fig. 4D). There was weak evidence that nestlings with medium and highest infection intensity (level 2 and 4) had a lower growth rate than uninfected nestlings (Table 4B). Females had higher growth rates than males. Growth rate decreased with age of the nestlings, as they were approaching adult size. Growth rate also tended to be higher with a greater time interval between both samplings and during the last year of the study. Finally, there was a weak evidence for the control nestlings with low parasitemia (level 1) to have lower growth rate than Malarone-treated nestlings of the same infection intensity (est. = -5.32, CI = -11.36 – 0.72, t = -1.73, P =0.084).
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Table 3: Effects of infection stages on the cost-related physiological parameters of Common Buzzard nestlings. Results of four linear mixed models described in Table 1. A) Breathing rate and body temperature as response variables, B) Body condition change and growth rate as response variables.
	A. Predictors
	Breathing rate
	Body temperature

	
	Estimates
	CI
	t
	p
	Estimates
	CI
	t
	p

	Intercept
	36.90
	31.65 – 42.14
	13.88
	<0.001
	39.88
	39.42 – 40.35
	169.62
	<0.001

	Increasing parasitemia
	-1.46
	-4.26 – 1.35
	-1.02
	0.307
	-0.20
	-0.59 – 0.19
	-1.00
	0.317

	Peak parasitemia
	-1.61
	-5.70 – 2.47
	-0.78
	0.438
	-0.33
	-0.83 – 0.17
	-1.31
	0.191

	Decreasing parasitemia
	-1.58
	-5.55 – 2.39
	-0.78
	0.434
	-0.11
	-0.62 – 0.40
	-0.42
	0.674

	Sampling interval
	-1.59
	-3.44 – 0.26
	-1.70
	0.091
	-0.43
	-0.82 – -0.04
	-2.18
	0.032

	Age (days)
	1.15
	-0.64 – 2.94
	1.26
	0.208
	0.24
	-0.01 – 0.50
	1.88
	0.062

	Weight (g)
	-2.62
	-4.20 – -1.04
	-3.26
	0.001
	0.01
	-0.21 – 0.24
	0.09
	0.926

	Sex [Males]
	-1.53
	-3.74 – 0.68
	-1.37
	0.173
	-0.09
	-0.37 – 0.20
	-0.58
	0.560

	Ambient temperature
	-3.01
	-4.19 – -1.83
	-5.06
	<0.001
	0.56
	0.38 – 0.75
	6.00
	<0.001

	Year [2018]
	-5.81
	-11.53 – -0.08
	-2.00
	0.047
	
	
	
	

	Year [2019]
	-4.78
	-10.53 – 0.98
	-1.64
	0.103
	
	
	
	

	Year [2020]
	-6.38
	-12.14 – -0.63
	-2.19
	0.030
	0.43
	0.02 – 0.85
	2.07
	0.042

	Uninfected : Treatment [Malarone]
	-1.22
	-4.78 – 2.34
	-0.68
	0.500
	-0.25
	-0.69 – 0.19
	-1.13
	0.260

	Increasing : Treatment [Malarone]
	2.77
	-1.68 – 7.23
	1.23
	0.221
	-0.15
	-0.65 – 0.34
	-0.62
	0.537

	Peak : Treatment [Malarone]
	0.32
	-8.58 – 9.21
	0.07
	0.944
	0.63
	-0.25 – 1.52
	1.42
	0.159

	Decrease : Treatment [Malarone]
	-0.48
	-4.49 – 3.52
	-0.24
	0.813
	0.06
	-0.40 – 0.52
	0.26
	0.794

	Random Effects
	
	
	
	
	
	
	
	

	Sigma² 
	43.06
	
	
	
	0.35
	
	
	

	ICC
	0.25
	
	
	
	0.58
	
	
	

	N
	135 Nests
	
	
	
	77 Nests
	
	
	

	Observations
	269
	
	
	
	178
	
	
	

	Marginal R² / Conditional R²
	0.185 / 0.391
	
	
	
	0.308 / 0.712
	
	
	

	B. Predictors
	Δ Body condition
	Growth rate

	
	Estimates
	CI
	t
	p
	Estimates
	CI
	t
	p

	Intercept
	-17.15
	-64.28 – 29.99
	-0.72
	0.474
	19.49
	12.43 – 26.55
	5.45
	<0.001

	Increasing parasitemia
	-3.46
	-27.75 – 20.83
	-0.28
	0.779
	-1.57
	-5.47 – 2.32
	-0.80
	0.427

	Peak parasitemia
	-18.04
	-53.11 – 17.03
	-1.01
	0.312
	-3.91
	-9.61 – 1.79
	-1.35
	0.178

	Decreasing parasitemia
	-14.04
	-48.32 – 20.25
	-0.81
	0.421
	-3.85
	-9.39 – 1.69
	-1.37
	0.172

	Sampling interval
	11.83
	-4.45 – 28.11
	1.43
	0.153
	2.37
	-0.04 – 4.77
	1.94
	0.054

	Age (days)
	1.57
	-9.84 – 12.98
	0.27
	0.786
	-4.63
	-6.40 – -2.86
	-5.15
	<0.001

	Weight (g)
	
	
	
	
	
	
	
	

	Sex [Males]
	-2.73
	-18.25 – 12.78
	-0.35
	0.729
	-4.31
	-6.84 – -1.78
	-3.36
	0.001

	Ambient temperature
	
	
	
	
	
	
	
	

	Year [2018]
	41.18
	-10.65 – 93.01
	1.57
	0.119
	4.33
	-3.31 – 11.98
	1.12
	0.265

	Year [2019]
	32.60
	-19.35 – 84.55
	1.24
	0.217
	2.11
	-5.53 – 9.74
	0.54
	0.587

	Year [2020]
	60.84
	10.23 – 111.44
	2.37
	0.019
	6.57
	-0.88 – 14.02
	1.74
	0.083

	Uninfected : Treatment [Malarone]
	-1.90
	-32.72 – 28.91
	-0.12
	0.903
	-1.33
	-6.31 – 3.65
	-0.53
	0.600

	Increasing : Treatment [Malarone]
	10.93
	-27.28 – 49.13
	0.56
	0.573
	0.67
	-5.61 – 6.95
	0.21
	0.834

	Peak : Treatment [Malarone]
	44.70
	-29.89 – 119.29
	1.18
	0.239
	9.30
	-3.15 – 21.74
	1.47
	0.143

	Decrease : Treatment [Malarone]
	8.87
	-25.49 – 43.22
	0.51 
	0.612
	1.19
	-4.41 – 6.79
	0.42
	0.677

	Random Effects
	
	
	
	
	
	
	
	

	Sigma² 
	2787.35
	
	
	
	84.24
	
	
	

	ICC
	0.45
	
	
	
	0.28
	
	
	

	N
	139 Nests
	
	
	
	139 Nests
	
	
	

	Observations
	276
	
	
	
	276
	
	
	

	Marginal R² / Conditional R²
	0.049 / 0.477
	
	
	
	0.238 / 0.452
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Figure 4: Comparison of predicted resistance-related physiological parameters among four nestling groups (uninfected, decreasing, peak and increasing infection). Dots are predicted means (± s.d. as the colored boxes) with 95% confidence intervals as the error bars. The black dashed lines represent the predicted mean value of a given parameter. a) comparison of breathing rate, b) comparison of body temperature, c) comparison of body condition change and d) comparison of growth rate among infection stage groups.


Table 4: Effects of infection intensity on the cost-related physiological parameters of Common Buzzard nestlings. Results of four linear mixed models described in Table 1. A) Breathing rate and body temperature as response variables, B) Body condition change and growth rate as response variables. Because of the absence of highly infected nestlings (level 4) in the Malarone treated-group, the estimate for the interaction between infection intensity [4] and Treatment [Malarone] could not be computed. 
	
A. Predictors
	Breathing rate
	Body temperature

	
	Estimates
	CI
	t
	p
	Estimates
	CI
	t
	p

	Intercept
	36.31
	31.13 – 41.48
	13.85
	<0.001
	39.94
	39.48 – 40.39
	173.68
	<0.001

	Infection intensity 1
	0.47
	-2.96 – 3.90
	0.27
	0.786
	0.08
	-0.40 – 0.55
	0.32
	0.753

	Infection intensity 2
	-2.37
	-6.49 – 1.75
	-1.13
	0.259
	-0.12
	-0.60 – 0.36
	-0.49
	0.626

	Infection intensity 3
	-1.61
	-4.67 – 1.46
	-1.03
	0.303
	-0.23
	-0.65 – 0.19
	-1.08
	0.281

	Infection intensity 4
	-0.09
	-4.63 – 4.45
	-0.04
	0.969
	-0.81
	-1.38 – -0.24
	-2.80
	0.006

	Sampling interval
	-1.67
	-3.55 – 0.21
	-1.75
	0.082
	-0.45
	-0.84 – -0.06
	-2.29
	0.024

	Age (days)
	1.04
	-0.73 – 2.80
	1.16
	0.248
	0.28
	0.03 – 0.53
	2.18
	0.031

	Weight (g)
	-2.66
	-4.25 – -1.07
	-3.30
	0.001
	-0.04
	-0.26 – 0.19
	-0.32
	0.746

	Sex [Males]
	-1.59
	-3.81 – 0.62
	-1.42
	0.158
	-0.13
	-0.42 – 0.15
	-0.92
	0.358

	Ambient temperature
	-2.91
	-4.12 – -1.71
	-4.79
	<0.001
	0.55
	0.36 – 0.74
	5.85
	<0.001

	Year [2018]
	-5.50
	-11.26 – 0.27
	-1.88
	0.062
	
	
	
	

	Year [2019]
	-4.58
	-10.38 – 1.23
	-1.56
	0.122
	
	
	
	

	Year [2020]
	-6.19
	-12.03 – -0.35
	-2.10
	0.038
	0.38
	-0.04 – 0.79
	1.81
	0.074

	Infection intensity [0] : Treatment [Malarone]
	-1.31
	-4.53 – 1.91
	-0.80
	0.424
	-0.14
	-0.53 – 0.24
	-0.73
	0.466

	Infection intensity [1] : Treatment [Malarone]
	-0.32
	-4.73 – 4.09
	-0.14
	0.887
	-0.23
	-0.73 – 0.28
	-0.88
	0.379

	Infection  intensity [2] : Treatment [Malarone]
	1.96
	-2.92 – 6.83
	0.79
	0.430
	0.06
	-0.46 – 0.58
	0.23
	0.815

	Infection  intensity [3] : Treatment [Malarone]
	-0.49
	-6.24 – 5.27
	-0.17
	0.868
	0.14
	-0.62 – 0.90
	0.37
	0.715

	Random Effects
	
	
	
	
	
	
	
	

	Sigma² 
	42.63
	
	
	
	0.34
	
	
	

	ICC
	0.27
	
	
	
	0.59
	
	
	

	N
	135 Nests
	
	
	
	77 Nests
	
	
	

	Observations
	269
	
	
	
	178
	
	
	

	Marginal R² / Conditional R²
	0.186 / 0.402
	
	
	
	0.322 / 0.722
	
	
	


	B. Predictors
	Δ Body condition
	Growth rate

	
	Estimates
	CI
	t
	p
	Estimates
	CI
	t
	p

	Intercept
	-20.39
	-66.36 – 25.58
	-0.88
	0.383
	18.29
	11.42 – 25.17
	5.25
	<0.001

	Infection intensity 1
	22.98
	-5.71 – 51.67
	1.58
	0.116
	2.43
	-2.22 – 7.08
	1.03
	0.304

	Infection intensity 2
	-18.42
	-53.27 – 16.43
	-1.04
	0.299
	-4.77
	-10.47 – 0.92
	-1.65
	0.100

	Infection intensity 3
	-10.44
	-37.05 – 16.17
	-0.77
	0.440
	-2.35
	-6.60 – 1.91
	-1.09
	0.279

	Infection intensity 4
	-33.90
	-71.88 – 4.09
	-1.76
	0.080
	-5.25
	-11.39 – 0.89
	-1.68
	0.094

	Sampling interval
	11.36
	-4.70 – 27.43
	1.40
	0.164
	2.48
	0.10 – 4.85
	2.06
	0.041

	Age (days)
	-0.18
	-11.35 – 10.98
	-0.03
	0.974
	-4.92
	-6.66 – -3.19
	-5.60
	<0.001

	Weight (g)
	
	
	
	
	
	
	
	

	Sex [Males]
	-2.58
	-17.84 – 12.67
	-0.33
	0.739
	-4.20
	-6.71 – -1.70
	-3.31
	0.001

	Ambient temperature
	
	
	
	
	
	
	
	

	Year [2018]
	40.89
	-10.65 – 92.43
	1.57
	0.119
	4.87
	-2.75 – 12.50
	1.26
	0.209

	Year [2019]
	35.66
	-15.89 – 87.20
	1.37
	0.174
	2.99
	-4.62 – 10.60
	0.78
	0.439

	Year [2020]
	60.27
	9.66 – 110.87
	2.35
	0.020
	7.00
	-0.48 – 14.49
	1.85
	0.067

	Infection intensity [0] : Treatment [Malarone]
	3.68
	-23.62 – 30.99
	0.27
	0.791
	-0.41
	-4.85 – 4.03
	-0.18
	0.857

	Infection intensity [1] : Treatment [Malarone]
	-27.64
	-64.43 – 9.14
	-1.48
	0.140
	-5.32
	-11.36 – 0.72
	-1.73
	0.084

	Infection  intensity [2] : Treatment [Malarone]
	25.51
	-15.66 – 66.69
	1.22
	0.223
	5.28
	-1.51 – 12.06
	1.53
	0.127

	Infection  intensity [3] : Treatment [Malarone]
	9.68
	-39.77 – 59.13
	0.39
	0.700
	-0.24
	-8.28 – 7.80
	-0.06
	0.954

	Random Effects
	
	
	
	
	
	
	
	

	Sigma² 
	2678.11
	
	
	
	81.23
	
	
	

	ICC
	0.46
	
	
	
	0.30
	
	
	

	N
	139 Nests
	
	
	
	139 Nests
	
	
	

	Observations
	276
	
	
	
	276
	
	
	

	Marginal R² / Conditional R²
	0.072 / 0.501
	
	
	
	0.252 / 0.476
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Figure 5: Comparison of predicted resistance-related physiological parameters among infection intensities (scale ranging from 0, uninfected, to 4, highest parasitemia). Points represent predicted means along with standard errors (coloured boxes) and  95% confidence intervals as the error bars. The black dashed lines represent the predicted mean value across groups of a given parameter. a) comparison of breathing rate, b) comparison of body temperature, c) comparison of delta body condition and d) comparison of growth rate among infection stage groups.


Discussion 
Host responses to parasite infections receive great interest because of the potentially important consequences for host fitness. These are essential for the understanding of life histories but particularly difficult to estimate in wild populations (Dadam et al., 2019). Avian blood parasites are often considered pathogenic even though evidence has mostly remained scant (but see Asghar et al., 2015; Herman et al., 1975; Townsend et al., 2018). A lack of general patterns which connect blood parasite infections and costs for the host suggests a need for detailed attention to the specific host-parasite interaction (Granthon and Williams, 2017; Hahn et al., 2018). Here, we experimentally manipulated infections of the main blood parasite in young buzzards to assess reactions to the parasite, triggered by immune-related responses and potentially altering physiology and growth. 
Change in body condition and growth rate of nestlings appeared to decrease over consecutive stages of infection, but these trends were not significant. We found that body temperature and to a lesser extent body condition and growth rate were lower during acute infections indicating immune response-related costs due to the infection. Characteristics of the nestlings (i.e. age, weight and sex) and ambient temperature explained most of the variance of physiological parameters. The interval between samplings was a strong predictor of the variance of most response variables, which allowed controlling for the effect of its variance in the fitted models. Finally, we showed that the antimalarial treatment administered orally to infected nestlings successfully lowered their infection intensity compared with control individuals. Overall, our results suggest that young common buzzards do not display strong signs of parasitic burden even though all physiological indicators tended to decrease slightly by the time the infection was in decline or suppressed. Potential costs from immune and parasite exploitation related costs may explain the inability of nestlings with acute infection to completely maintain thermoregulation, body condition and growth rate.
In our study, no difference in breathing rate was apparent among nestlings in different stages of infection and uninfected nestlings. This results do not suggest that Leucocytozoon cause anemia in nestlings and thereby reduce the physiological oxygen availability, leading to respiratory complications (Wale et al., 2019; Hayworth et al., 1987). Plasmodium and Leucocytozoon species differ in their life cycle as in Plasmodium schizogony occurs within red blood cells causing them to burst whereas Leucocytozoon makes erythrocytes weaker and/or more susceptible to the immune defences (Atkinson and Van Riper III, 1991). Here, we confirm that Leucocytozoon infections do not cause alteration of breathing rate in young hosts.

Thermoregulation failure as a typical inflammatory response is common in hosts infected by blood parasites (Hayworth et al., 1987; Williams, 2005). However, such responses have been found only in bird-Plasmodium systems. In chicken inoculated with Plasmodium gallinaceum, fever has been found to appear from three to eight and more days after parasite inoculation (Williams, 2005). In this former study, fever lasted for one to two days and was sometimes followed by abnormally low body temperatures, often recorded short before death. Similarly, hypothermia was recorded in infected canaries at day ten after peak infection with Plasmodium relictum (Hayworth et al., 1987). Hence, given a similar timing of symptoms, buzzard nestlings with a decreasing parasitemia were likely to show a thermoregulatory response to the blood parasite infection. However, no difference in body temperature was found among infection stages even at decreasing parasitemia. This result contradicts both our resistance scenario and previous references, suggesting that nestlings do not mount costly immune response through the course of infection. However, chicks with acute infections displayed lower body temperatures, potentially reflecting hypothermia. Altogether, nestlings showed no apparent signs of inflammatory response over the course of infection unless they were challenged with maximum infection intensity. It must be noted that this result is exacerbated by one nestling, displaying extremely low temperature, having the lowest body condition and growth rate (it lost 14 grams, i.e. 3% of body weight per day within the sampling interval) and having a high breathing rate, all suggestive of an incapacity to cope with the high parasitemia. However, this extreme condition might also indicate additional challenges (e.g. co-infection, starvation) weakening this individual. The difference in body temperature between uninfected nestlings and such with the highest level of parasitemia remains unaltered when removing this extreme observation.

As several different organs and tissue types may be targeted during blood parasite infections, host body condition is expected to deteriorate while parasites increasingly invade host cells (Commichau & Jonas, 1977; Williams, 2005). Body condition change tended to be lower in nestlings suffering from acute infections, while this was not reflected by comparing parasitemia stages. This would be congruent with a scenario where parasitic costs are paid immediately and are noticeably high when infection is at its highest. Acute infection may lead to a decrease in nestling survival if they are not able to compensate for condition loss before fledging. In young crows, fledging success was lower in infected individuals and determined by their body condition (Townsend et al., 2018). Similarly, in the same buzzard population, nestling condition is a strong predictor of survival, especially during the first year of life (Ottensmann et al. in prep). 
We have shown that the year of sampling explains all four physiological parameters. Body condition change as well as growth rate might be tightly linked to annual fluctuations in vole abundance that are known to have strong effects on raptor ecology as their main source of energy (Sundev et al., 2009). Moreover, fluctuations in vole abundance have been shown to explain variation in the breeding success of common buzzard in different parts of the breeding range (Chakarov & Krüger, 2010; Panek, 2021). The proportion of voles among different prey deposits in our surveyed nests varied from 0.11, 0.16 to 0.44 and 0.37 from 2016 to 2020 respectively (own unpublished data). Prey availability corresponds to differences in body condition change and growth rate of nestlings during the corresponding years. 
Growth rate appeared to decrease as nestlings went through the parasite infection, despite differences to uninfected nestlings remaining not significant. Nestlings bearing medium (level 2) and high infection intensities tended to display lower growth rates. Such contrasts with uninfected nestlings might have long-term fitness consequences, especially in a ranked brooding system. Effects of blood parasites on mass gain have been found to be sex and age-specific in a tawny pipit population (Calero-Riestra & García, 2016). Additionally, we found sex and age differences in growth rate. Because of reversed sexual size dimorphism, commonly found in birds of prey, males had lower growth rates than females. The growth rate decreased with age, reaching a plateau when nestlings were about to fledge. 
We predicted that under a scenario of dominating resistance response, especially nestlings with increasing and peak infection would bear immediate costs of infection. On the contrary, our results suggest that parasitic costs are not apparent at any stage of infection but only at the highest level of parasitemia. Tolerance might be a dominating component during low to medium parasitic pressure, when innate immunity is too costly to scale up (e.g. metabolic costs, immunopathology, Bonneaud et al., 2003; Graham et al., 2005). The absence of apparent costs to the hosts during the first stages of infection – when the parasites are rapidly multiplying – might also indicate tolerant hosts that cope with parasitic damages along with initiating the suppression of the infection through the adaptive immune response. We envisioned decomposing resistance and tolerance by comparing reaction norms between host health and transient parasitemia state. However, increasing and decreasing parasitemia appear to differ in resistance (intercepts of reaction norms) and tolerance (slopes of reaction norms) suggesting that immune and housekeeping investment are both individual- and infection stage-specific and these factors need to be controlled for to disentangle resistance and tolerance. Regardless of the infection trend in nestlings, body condition change, our best proxy for fitness-relevant host health, decreased with increasing parasite load, which indicates current costs for hosts bearing increasingly intense Leucocytozoon infections. The differences in condition change among infection stages suggest a regaining of condition by the onset of adaptive immunity and therefore a mild pathogenicity of Leucocytozoon parasites, at least in the long-term. Thus it has been suggested that timing of infection in raptors and similar big birds may be adaptive as parental care provides buffering against the short cost-intense period of peak infection (Valkiūnas, 2005).
The moderate effects of Leucocytozoon on buzzard nestlings are supported by studies showing that these parasites appear to not drastically change the blood chemistry of hosts which would be indicative of substantial tissue damages (Wiegmann et al., 2021). Pathogenic effects may occur when haemosporidian megaloschizonts, cell groups that can reach a diameter of 0.2 mm and develop in organs such as liver, spleen and brain (Murphy & Weaver, 2016). However, these parasitic stages are not obligatory for haemosporidian development, do not appear in all Leucocytozoon lineages and a dependence of their occurrence on host characteristics still remains to be explored. The apparent low parasite virulence together with the absent-unless-extreme physiological, immune-related responses to infection suggest that host and parasite might have defused their arms-race by allowing wide transmission in this immunologically naïve but susceptible nestling stage (Valkiūnas, 2005). 
Furthermore, individual survival within the same buzzard population analysed with capture-mark-resighting models is not explained by infection prevalence as nestlings (Ottensmann et al., in prep). The same conclusions were drawn from a survival analysis on great tits where no difference in survival were found between uninfected and single-infected adults (Pigeault et al., 2018). However, acute infection reducing body condition of nestlings might interact with other factors affecting the host fitness, such as prey availability or weather conditions (Kostrzewa & Kostrzewa, 2008; Sundev et al., 2009), reducing the long-term survival prospects of these long-lived birds.
Overall, we found few and weak signs of infection costs on nestling physiology during the different stages of malarial infection, suggesting a low pathogenicity of Leucocytozoon parasites. However, acute infections implied lower body temperatures and negative trends for body condition and growth rate. These effects of infection indicate reaction to pathogen infection and potential costs of immune system activation, appearing only during high and relatively uncontrolled parasite infections. These in turn might reduce the middle- to long-term fitness of the hosts. During less intense parasite infections however, nestlings might be overall tolerant hosts that enable parasite transmission without paying substantial fitness costs and thereby defuse the host-parasite arms-race.
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