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            Introduction

The relationship between environmental conditions and nestling development is a key aspect

in avian ecology, because it underlies the spatiotemporal variation in offspring quality and

reproductive output and, thus, represents a crucial mechanism affecting population dynamics.

It is a topic of great scientific interest that has been broadly investigated (Starck and Ricklefs

1998). The breeding process happens in a species-specific time frame, which aims to optimize

the growth and survival of the brood due to highest annual food availability and mild weather

conditions. Alteration of this balance through exposure to adverse weather conditions and/or

decrease in quality or quantity of food supply during the breeding period, are sometimes able

to explain between-years variation in breeding success (Keller and Van Noordwijk 1994; Van

Noordwijk et al. 1995; Naef-Daenzer and Keller 1999). Therefore, food availability and

weather have been acknowledged to be fundamental factors influencing nestling growth rates

and survival (Emlen et al. 1991; Siikamäki 1996; Maccarty 1999; Geiser et al. 2008).

Different studies investigated the consequences of low food availability and poor weather

conditions (e.g. rainfall, low temperatures) on both breeding success and patterns of growth

and survival of altricial nestlings, and uncovered various facets. First of all, weather

conditions influence the availability and quality of breeding sites, potentially causing partial

to total loss of the clutch or brood (Green 1987). Food supply has been shown to be important

both before and after hatching: low food supply during laying period, for example, can lead to

low egg quality and, therefore, high hatchling mortality (Bryant 1978). It influences the nest

attendance of the parents and, thus, predation risk (Rastogi et al. 2006). Furthermore, during

the nestling phase, studies on passerines showed how food availability and weather affect

both growth rates (McCarty and Winkler 1999; Bryant 1978) and developmental stages

(Remeš and Martin 2002). However, the same environmental factors also directly influence

the parents which in turn modulate their behaviour. In a condition of food shortage for

example, one of the possible outcomes is that parents fail to meet the daily energy intake that

nestlings require, leading to a depression in growth rate. Another possible outcome is that

parents increase their foraging effort, managing to meet the brood necessities for an optimal

growth rate (Drent and Daan 1980). Therefore, in altricial birds, parental quality and

investment in chick rearing play a key role in mediating the relationship between environment

and nestlings growth rates.
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Many of the studies investigating effects of food supply and weather on growth rates were

carried out on aerially feeding birds and showed that weather also affects food availability

(Bryant 1978; McCarty and Winkler 1999; Remeš and Martin 2002; Jenni-Eiermann et al.

2008). These two variables are often found to be correlated with each other. Bad weather

conditions were found to be correlated either with lower food availability or accessibility

(Tulp and Shekkerman 2008), and with smaller food niche breadths (Romanowski and

Zmihorski 2008). At the same time, low food intake caused by lower food availability can

lead to a general worsening of the nestling body condition, which possibly exacerbates the

weather effect and impairs the nestling ability to respond adequately (Siikamäki 1996).

Disentangling the effect of environmental factors on life history traits is, therefore, not simple,

as their interactions and, thus, the output, might be species-specific, age-specific, dependent

on parental investment and performance (Dawson and Bortolotti 2000; Tablado and Jenni

2017). 

One possible approach to investigate environmental factors is to experimentally manipulate

one of them. By splitting the study population in control and treated groups, is it possible to

disentangle the effects of different factors on a response (e.g. growth rate). Food manipulation

experiments already proved to be a useful tool in breeding performance studies (Korpimäki

1989; Boag 1987; Dhindsa and  Boag 1990; Gonzàlez et al. 2006; Herring et al. 2011). In

particular, food manipulation experiments with nestlings allowed to link  food availability

with  growth rate (Lindholm et al. 1994) and survival (Schoech et al. 2008).

The link between environmental input and growth rate is based on the physiological response

of the individual. Romero et al. (2009) proposed the “Reactive Scope Model” to explain the

role of the physiological response in maintaining stability through change. Four different

ranges of concentration of  physiological responses to stress are linked to different effects: 1)

predictive homeostasis is the level of physiological response needed for predictable

environmental changes, 2) reactive homeostasis is the level needed for unexpected

threatening environmental changes, and these two ranges together correspond to the normal

scope model, that is the concentrations of physiological mediator needed to overcome

difficulties (from light and expected to heavy and unexpected) without having any

pathological effect. Above and below the normal scope model are 3) homeostatic overload

and 4) homeostatic failure, pathological concentrations which have negative effects on

individual health. In this framework, birds, as most vertebrates, respond to unexpected
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environmental changes (stressors, Siegel 1980; Wingfield 1994), by entering a stage of

physiological stress (Wasser 1997; Wingfield et al. 1997). At this stage, they increase

circulating levels of corticosterone (CORT), the main glucocorticosteroid released by the

hypothalamus–pituitary–adrenal cortex (HPA) axis. The release of this hormone regulates a

variety of behavioural and physiological responses which help to overcome life-threatening

situations (Sapolsky et al. 2000; Romero and Wikelski 2001). Short-term exposure to elevated

CORT within the reactive homeostatic levels usually has an immediate beneficial effect. For

instance, stress response in nestlings undergoing food shortage may increase begging

behaviour and, consequently, the probability of food intake (Kitaysky et al. 2001). However, a

prolonged exposure can lead to homeostatic overload levels and, thus, chronic detrimental

effects, such as suppression of the immune system, protein loss, disruption of the second

messenger system and neuronal cell death (Wingfield et al. 1997; Rich et al. 2005; Dickens et

al 2009). Stressors are also known to alter the leucocytes distribution in circulating blood,

leading to an increase of heterophils (H) and a decrease of lymphocytes (L) in the peripheral

blood circulation (Gross 1989; McFarlane and Curtis 1989; Moreno et al. 2002). Heterophils

are phagocytising cells that react to inflammation in a non-specific way, in contrast to

lymphocytes responding in a highly specific way (Jurd 1994). Exceedingly high H/L ratios

indicating homeostatic overload, have been associated with pathological conditions not

compatible with long term health, such as severe injuries (Vleck et al. 2000). 

Every stressor evokes a stress response which is regulated by factors such as individual traits

(e.g. health status prior to stress, age, sex, social rank, body condition, number of siblings), or

to spatio-temporal context (e.g. elevation, season) defined as modulators (Tablado and Jenni

2017) (fig.1). 
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Fig. 1 Physiological pathway in response to stressors following the Reactive scope model from
Bortolotti et al. (2009).

Studies on age-regulated stress response in nestlings, outlined a period of hypo-

responsiveness at early stage followed by increasing stress-induced CORT levels throughout

the nestling phase (Müller et al. 2010; Homberger et al. 2015). This is suggested to happen as

initial protection strategy from elevated CORT that might alter the HPA axis permanently.

Progressive body growth enables individuals to mount a stronger response further in nestling

stage. Anyway, a study on feather CORT concentration found contrasting results, with CORT

concentration decreasing during development (López- Jiménez et al. 2016). Immunological

response is also modulated by age, as leucocytes belonging to the innate immune system

(general first-line defence), such as heterophils, endure a fast increase with age, while

leucocytes belonging to adaptive immune system (specific defence) have a much slower

increase (Palacios et al. 2009). It remains unclear whether nestlings show sex differences in

their physiological response. In reversed sexually dimorphic birds as raptors, the differential

fitness outcome of food shortage has been studied. Males were found to have higher mortality

rates possibly due to their size-dependent incapacity to compete with female siblings for food

(Bortolotti 1986; Anderson et al. 1993; Arroyo 2002; Fargallo et al. 2002; Fargallo et al.

2003). On the other side, females were found to suffer of higher mortality rates due to their

size-dependent higher energy demand (Torres and Drummond 1997), and a sex x size

interaction explained higher stress levels in female kestrel nestlings (Martínez-Padilla et al.

2004). So far, the way physiology responds to environmental factors and their modulators in
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nestlings have been poorly investigated. This calls for experiments manipulating

environmental conditions (e.g. food supply) and parallel measures of physiological

parameters involved in the nestling coping system. 

Various techniques have been used to study stress physiology. Among them, H/L ratio and

CORT often show strong correlation with environmental and behavioural variables (Maxwell

1983; Ilmonen et al. 2003; Müllner et el. 2004; Fairhurst et al. 2012; Will et al. 2014), and can

be considered as reliable measures for linking the physiological sphere with the ecological

one. CORT in feathers (CORTf) is deposited during feather growth only, thus providing a

retrospective measure of an individuals’ CORT release (Jenni-Eiermann et al. 2015). Due to

the cells of growing feathers being highly vascularized, a large number of compounds are

incorporated in the keratine structure (Bortolotti & Barlow 1988; Dauwe et al. 2003). Among

these, immunoreactive CORT has been shown to be incorporated in feathers mainly through

the blood quill (Jenni-Eiermann et al. 2015). Since the seminal paper of Bortolotti et al.

(2008), feathers have become a popular sample for studying stress physiology in birds. The

main advantage of measuring CORT in feathers (instead of the widely used blood or fecal

samples) is its retrospective nature, allowing investigations of stress physiology in a less

invasive way, and obtaining long-term (days to weeks) information. A major requirement of

this method is that the period of feather growth should be known. Since information about the

exact time at which each individual starts molting is not always available, making

comparisons among samples is often difficult (Romero and Fairhurst 2016). However, the

method is most adequate for measuring stress in nestlings of known age, where potential

stressors are narrowed to nest-bound events and the period of feather growth is known. It

remains poorly understood if the CORT in blood accumulates proportionally into feathers.

Three validation studies investigated on this, and found positive (Lattin et al. 2011) and

partial (Fairhurst et al. 2013; Jenni-Eiermann et al. 2015) correlation between the two

measures. Fairhurst et al. (2013) suggests that the correlation exists only if the elevation in

blood CORT is high and prolonged, while Jenni-Eiermann et al. (2015) suggests that the skin

is a CORT secreting and absorbing tissue itself and has the potential to regulate the CORT

concentrations.

H/L ratio is a well-established technique to detect physiological responses to stressors in birds

(Gross and Siegel 1983; Lentfer et al. 2015; Koutsos and Klasing 2008), with the advantage
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of being less susceptible to handling than circulating CORT (Gross and Siegel 1983; Hõrak et

al. 2002; Davis 2005; Romero et al. 2005). A limitation of this technique is that it depicts only

a partial image of the individual physiological status, because the ratio does not provide

information on quantities of different blood categories (e.g. a high H/L ratio can be linked to a

lymphopenic status – low level of lymphocytes –  or can be just the result of a high number of

heterophils). Combining different techniques, though, is a way to strengthen the reliability of

the single analysis to possibly overcome methodological limitations. Evidence for a direct

causality between increased circulating CORT and skewed H/L ratio is still scarce (Dohms

and Metz 1991; Vleck et al. 2000; Post et al. 2003; Müller et al. 2011). While for exogenous

administration (experimental administration of CORT) a correlation with increased H/L ratio

was found (reviewed in Maxwell 1993; Davis, Maney & Maerz 2008; Vleck 2001), no or only

weak correlation was found between endogenous baseline plasma CORT concentration and

H/L ratio (Vleck et al. 2000; Clinchy et al. 2004; Ilmonen et al. 2003; Müller et al. 2011). It is

suggested that the two physiological reactions differ in sensitivity towards different stressors.

Being CORT the first-line stress response, its concentrations varies in relation to a wide

variety of inputs which possibly overlap. A prolonged exposure to stressful condition (as food

deprivation and extended harsh weather condition) however, is expected to cause a well

distinguishable effect (Gross 1983; Wingfield 1994; Vleck et al. 2000; Müller et al. 2011).

Leucocyte redistribution acts to increase disease resistance and is, thus, suggested as a good

approach for assessment of stress due to injuries, social constraints and general health

conditions, whether this stress is prolonged or short termed (Vleck et al. 2001; Müller et al.

2011). CORTf is still in its infancy, although the studies done until now found correlation

with reproductive parameters (Bortolotti et al. 2008; Crossin et al. 2013; Kouwenberg et al.

2013), growth rates (Fairhurst et al. 2013), nestling survival (Fairhurst et al. 2013), nutritional

state (Crossin et al. 2013; Legagneux et al. 2013; Will et al. 2014; López- Jiménez et al.

2016), travelling distance/home range (Carrete et al. 2013; Bourgeon et al. 2014) and

environmental and seasonal factors (Bortolotti et al. 2008; Fairhurst et al. 2012; Legagneux et

al. 2013; López- Jiménez et al. 2016).To our knowledge, there is no study investigating

correlation between circulating CORTf and H/L ratio. The fundamental role of CORT (both

in blood and feather) and H/L ratio techniques in physiological studies calls for more

understanding on the mechanisms that link them. 

In this study we focus on a wild population of red kite (Milvus milvus) in Switzerland. The
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ongoing study on this population highlighted a widespread anthropogenic involvement in food

supply (Cereghetti et al. in prep.). Many farmers in the area actively feed the red kites with a

wide variety of food remains. This phenomenon was already found to explain the return of the

red kites in urban areas in the UK (Orros and Fellowes 2015). Studies showed that

anthropogenic feeding becomes particularly important in population dynamics when habitat

quality is poor and/or in years with harsh weather conditions. When the environment is rich, it

appears that only sub-optimal individuals rely on anthropogenic resources (reviewed in D Oro

et al. 2013). In nestlings, anthropogenic feeding is expected to reduce foraging time by the

parents and, therefore, to increase parental care (Dewey and Kennedy 2001). This, together

with a high food intake, is expected to reduce the probability of nestlings to mount

pathological stress responses (homeostatic failure/overload).

We decided to set up a food supplementation experiment to investigate the effect of food

availability on the stress physiology of red kite (Milvus milvus) nestlings throughout two

breeding seasons (2016-2017). As measures of stress we analysed i) CORTf concentration in

nestlings' body feathers and ii) the H/L ratio. Weather and food affect stress physiology of

nestlings independently; however it is hard to disentangle the two effects because of their

interaction. The H/L ratio seems to have high sensitivity towards stressors that increase

chances of infections (injuries, social conditions, heat stress), while CORTf showed

sensitivity towards both nutritional state and weather related stress (Bortolotti et al. 2008;

Crossin et al. 2013; Legagneux et al. 2013; Will et al. 2014). The effect of modulating factors

in an environmental context has been investigated mostly in circulating plasma CORT, and

lacks to a greater extent for H/L ratio (Martínez-Padilla et al. 2004).

Associations with food or weather are expected to match both the CORTf and H/L measures.

However, we expect a higher association of CORTf than H/L ratio with the weather and food

data because of the numerous short-term behavioural beneficial responses that are linked to

increase in circulating CORT (and thus, accumulation in the feathers) in such situations. We

expect the two physiological measures to not be equally affected by modulators (sex, age,

brood size and nest elevation), but in general we predict differences in stress response at

different ages, brood sizes and nest elevation, and higher response in female red kite nestlings

due to their prominent size and, thus, higher energy requirement.
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Materials and methods 

Study species and location

Red kites (Milvus milvus) are opportunistic scavengers, breeding in trees, and consuming a

wide variety of carrion, but also predating on small mammals, reptiles, birds and amphibians

(Cramp and Simmons, 1980). They prefer agricultural landscapes characterised by small

forest patches surrounded by open grasslands, where concentration of small rodents is often

higher (Carter 2001; Pfeiffer and Meyburg 2015). Our study population occupies an area

throughout the cantons of Freiburg and Bern (N: 46°47' 60'' E: 7°15' 00''). The study area is

387 km2 with an elevation ranging between 450 and 2000 m.a.s.l. The north-western part of

the study area shows the lowest elevations and the elevation increases towards south-east. The

female lays between 1 and 3 eggs, the incubation period is ~ 32 days and the nestlings spend

another ~ 50 days in the nest before fledging (Cauli & Genero 2017). Red kites are listed as a

near-threatened species by the IUCN (Birdlife international 2013), because of the strong

population decline they faced throughout the 19th and 20th century. By the end of the 19th

century, they became almost extinct in England and Scotland (Smart et al. 2010), and the

three largest populations (Germany, France and Spain) declined between 1990 and 2000 by

almost 20% (Birdlife international 2013).The main sources of disturbance and decline are

poisoning (direct or indirect through pesticides), changes in agricultural practices causing a

decrease in prey availability, hunting, and electrocution (Birdlife international 2013). The

Swiss population increased during the 1990s and continue to increase (Aebischer 2009). Thus,

investigating the mechanisms that led to the now current positive situation in Switzerland of

this globally near-threatened species, is important to avoid inverting the positive trend that

characterised the past decades, and to further improve both national and international

conservation actions.

Sampling

A total of 375 red kite nests were found and monitored in the study area throughout 3

breeding seasons (2015-2017). Nests were monitored through different methods: observation

via binoculars and scopes (Swarovski ATS 80x), webcams (Microsoft LifeCam Cinema HD)

and camera trap systems (Reconyx PC900 Hyperfire camera, RECONYX Inc.,Holmen WI,

USA). Between 2016 and 2017, 285 nestlings were handled, measured and sampled. When
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possible, each nest was visited at least once to get morphometric measures before blood and

feather sampling event (mean climbing events per nest= 2.67, range= 1 to 6). At sampling,

nestlings were removed from the nest (mean age at sampling= 38 days, age range= 22 to 48

days) and carefully pulled down to the ground in a bag. Two neck feathers were plucked from

each individual. A small amount of blood (~50μl) was taken from the brachial vein with a

sterile needle (0,5 x 16 mm), and collected in heparinized micro-haematocrit capillaries. The

blood was then both smeared on microscopy slides (two per individual) and tamponed on

Whatman filter paper treated with EDTA (0.5 M) for DNA. Blood samples were taken, on

average, within 40 minutes of the beginning of the sampling event. Feathers and filters with

blood samples were stored at -20°C until analysis. 

                                                                 

Fig. 1-2. Red kite parents feeding  two young nestlings on the nest (1). Picture taken by Reconyx

PC900. Red kite nestlings during sampling (2), equipped with GPS logger.

Food supplementation

Between 2016 and 2017, 77 feeding platforms (60x60cm on poles ca. 2 m high) were placed

10



in the proximity of a subset of known nests, homogeneously distributed along the altitudinal

gradient of the study area. The feeding experiment started with the disposal of 1 day-old dead

chicken chicks per feeding platform every second day, and the acceptance/non-acceptance

status was monitored via observation and video recording. The amount of food was then

regulated based on the information gathered (i.e. if the target individuals accepted the feeding,

if and how many other individuals, belonging to which species, were also feeding on the

platform). 10 chicks were placed so that each targeted adult would have 5 chicks available

every two days. After hatching, 5 chicks per nestling every two days were added, and after 10

days of age we doubled the amount to 10 chicks per nestling. In 2016, out of 38 feeding

platforms, 12 were confirmed accepted, while in 2017, out of 39, 32 were confirmed to be

used by our targeted individuals. In total, between the two years, 53 nestlings were confirmed

to have accepted supplementary feeding, and 232 did nor accept the feeding.

Fig.3 Adult red kite swooping on a feeding platform where day-old dead chicken chicks were placed.

CORT extraction and EIA

We used one feather per individual (N=285 nestlings) for the CORTf  measurements. All the

feathers were weighed and the length was measured. The average, minimum and maximum

weight of the analysed feathers was 20.7 mg (SD = +/- 4.2), 10 mg and 32 mg, respectively.

Feathers weighing less than 10 mg were rejected from the analysis (N=15). After removing

the calamus, the feather was placed in a 2 ml polypropylene microcentrifuge tube, minced to

small pieces with scissors and ground into powder with a RETSCH mixer mill MM400 at 30
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Hz for 3 min with ca. 10 3 mm grinding metal balls. We then added 1.5 ml of methanol to

each tube, placed them in a sonicating bath for 30 minutes at room temperature and incubated

them overnight at 50°C in a water bath. The methanol with feather powder was pipetted into a

new microcentrifuge tube in order to separate it from the grinding metal balls. After

centrifugation at 14.000 rpm for 10 min, 1 ml of the supernatant was carefully transferred into

a soda centrifuge tube, avoiding transferring the pelleted feather powder. The methanol was

then evaporated with nitrogen gas at 50°C. These CORT extracts were stored in the freezer at

-20°C until CORT measurement. The amount of CORT in the feather extracts was measured

using an enzyme immunoassay (EIA) (Munro & Stabenfeldt 1984; Munro & Lasley 1988).

Samples were re-suspended in phosphate buffer and placed in the assay in triplicates. The

ant ibody (Chemicon; cross-reactivity: 11-dehydrocorticosterone 0·35%, Progesterone

0·004%, 18- hydroxydeoxycorticosterone 0·01%, Cortisol 0·12%, 18-hydroxycorticosterone

0·02% and Aldosterone 0·06%) was used in dilution 1:8000 and HRP (1:400 000) was used

as enzyme label. ABTS was used as substrate and the concentration of CORT was calculated

by extrapolation on a standard curve run in duplicate on each plate and expressed as pg

CORT/g feather. Moreover, each plate had two internal controls (IC). One was a plasma pool

from chicken with CORT in low concentration and the other was a red kite feather pool from

two individuals. Plates were read with a BioTek ELX808IU spectrophotometer at 405 nm

(reference wavelength 655 nm) after 1.5 hours of substrate addition. In total, 13 plates were

used for the measurements.  After removing 4 outliers in the feather IC and 5 in the plasma

IC, we calculated intra- and inter-assay variation with the CORT measurements of the plasma

and feather IC. The intra-assay variation of the feather IC ranged from 11% to 31%, while for

plasma IC ranged between 4% and 20%. The inter-assay variation of feather IC was 19% and

plasma IC 29%. No correlation was found between the mean CORT of the samples and the IC

measured in the same plate (Pearson’s cor= -0.24, p-value=0.43). The plate was therefore

included in the subsequent statistical models as random variable. 

H/L ratio

Blood smears were air dried and stored in the dark and at low temperatures (<25°C) (N=285

nestlings). They were successively stained with a Diff-Quick set (Medion Diagnostics,

Düdingen, Switzerland). They were first dipped in the fixative reagent, then in the acid

(eosinophilic) dye and in the basic (basophilic) dye. At each step, they were dipped five times
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for 1 s. They were rinsed with distilled water and then air dried. Two samples were rejected

from the analysis due to technical issues that prevented a reliable count. Five types of

leucocytes were counted in each sample by the same observer with a light microscope

(Olympus BHA) at 1000x magnification: heterophils, lymphocytes, monocytes, eosinophils

and basophils. One hundred cells were counted per slide and the ratio between heterophils (H)

and lymphocytes (L) was calculated. Every smear was assigned to a quality category

(“ok”,”lysed cells” and “too thick”) to control in the analysis for possible technical bias. In the

graphs, H/L ratio is reported as proportion of heterophils over the total of lymphocytes plus

heterophils (see Results below). To assess if one hundred leucocytes were enough for a

representative H/L ratio, we performed two validation tests. The first test was performed on a

subset of samples (N=80). We subdivided the smears into 3 leucocyte density categories (low,

medium and high) and randomly chose one from each category. Based on the talk of Rosaline

Lane (1987), higher leucocyte density can lead to higher count error. Each smear was counted

3 times. We calculated the coefficient of variance (CV) between H/L ratios measured in 100,

200, 300 and 400 leucocytes (additive H/L ratio CV), in each repetition (total repetitions =3).

Then, we calculated the CV between average H/L ratios of repetitions of the same smear.

Since we found no significant difference in repeated counts of smears from different

leucocyte density categories (see Results below), the second test was performed without any

categorising. This time we randomly extracted 3 smears out of the whole sample size

(N=283), measured H/L ratio in 100, 200, 300 and 400 leucocytes and repeated the count 5

times per smear. 

Molecular sexing

DNA from blood samples preserved in filter papers was extracted and purified with QIAGEN

DNeasy Blood and Tissue Kit following a modified protocol for tissue samples. The sex of

the individuals was determined by PCR amplification of the CHD1 gene in the avian sex

chromosomes using the highly conserved primers 2550 and 2718 as described in Fridolfsson

and Ellegren (1999). ). These primers amplify a different-sized intron of the non-ratite birds’

sex chromosomes Z and W. The products of the PCR were visualized in a 2% agarose gel

stained with GelRed®. The hetero-gametic (ZW) females show two bands corresponding to

the amplified CHD1Z and the CHD1W introns, whereas the homogametic males (ZZ) show

only one band corresponding to the CHD1Z intron. 
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Weather data

For each brood, we extracted 5 weather measurements from a weather station within the study

area (Fribourg weather station): daily maximum wind speed (MWS), daily wind speed (WS),

daily precipitation (PP), hourly precipitation (PP/h) and daily temperature (T). We calculated

the daily mean for the PP/h and averaged all the measurements over one and two weeks

before the sampling event. Data were provided by the Federal Office of Meteorology and

Climatology MeteoSwiss (http://www.meteoswiss.admin.ch).

Statistical analysis

Two different models were built for the two stress response variables. For H/L ratio, we used

a general linear mixed model (GLMM) with binomial error distribution, and for CORTf a

linear mixed model (LMM) with Gaussian error distribution. CORTf values were log

transformed in order to achieve a normal distribution. In both cases, we included

supplementary feeding (fed/unfed nests) and the five weather variables as explanatory

variables. A collinearity test was run with all the explanatory variables. As expected, among

the five weather variables, there was some significant correlation. The highest were found

between maximum wind speed and wind speed in both values averaged over one and two

weeks preceding sampling (respectively 0.81, 0.93), as well as precipitation and hourly

precipitation (1,1). We decided, thus, to pick only daily wind speed, hourly precipitation and

daily temperature because they are representative of the general weather condition. The one

weekly weather variable averages were used in the H/L ratio model, considering a rather fast

change in leucocyte ratio in response to a stressor (Davis, Maney & Maerz 2008). For

CORTf, we used two weeks averaged weather indices, which correspond to the period of

feather growth and CORT deposition in the feathers (Bortolotti et al. 2008). In the H/L ratio

model for nestlings, our focus variables were food (fed/unfed) and weather (pp/h, wind speed,

T). Moreover, we included variables that have the potential to modulate the focus variables.

These are altitude, year of sampling, number of nestlings per nest (Nmax= 3), sex and age at

sampling. In case of unknown hatching date, the age was estimated using wing length as

predictor (Mammen and Stubbe 1995; Pfeiffer and Meyburg 2015). We controlled for

possible bias in measurement adding the blood smear quality categories and disturbance,

defined as the number of times that each nest was climbed by us (for ringing, measuring and

14



sampling). In this way we wanted to control for possible changes in stress measures due to our

methodological setup.

Following interactions were included in both models. We chose to combine our focus

variables with their direct modulators (Fed/Unfed with weather variables, Fed/Unfed with

year of sampling – a proxy for the annually changing natural food availability –, weather

variables with altitude, number of nestlings per nest with Fed/Unfed) and hypothesized other

possible less direct interactions based on literature (weather variables with year of sampling,

Fed/Unfed with altitude, Fed/Unfed with sex, Fed/Unfed with age, number of nestlings with

Fed/Unfed, altitude and age). We removed the interactions from the model when not

significant, starting with the ones with the highest p-value (stepwise backward selection),

until we reached the final model (see Results below), where we kept all the fixed effects (also

non significant), but only significant interactions. Nest ID was included as a random variable

for both models and Plate ID as random variable in the CORTf model. For the CORTf model,

the explanatory variables and interactions were the same, exception made for the smear

quality, which is of interest only for the H/L ratio. The continuous independent variables were

scaled for the analysis. All analyses were performed in R (R Software 3.4.3).
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Results

H/L ratio

Reliability test 
Table 1.  Reliability test performed on a subsample (N=80). (1),(2),(3) are number of repetitions.

Smear Leucocyte
density

Additive H/L
ratio CV (%) (1)

Additive H/L
ratio CV (%)

(2)

Additive H/L
ratio CV (%)

(3)

Repeated H/L ratio
CV (%)

1 low 3.26 2.85 0.52 3.66
2 low 10.86 5.51 9.61 8.42
3 low 4.18 8.39 2.12 3.69
4 medium 4.32 6.73 4.65 9.39
5 medium 4.32 4.42 9.93 0.75
6 medium 2.79 6.22 2.98 5.59
7 high 7.89 0.97 3.11 1.68
8 high 7.4 12.62 5.27 4.59
9 high 4.02 5.28 6.41 8.81

In the first test on the subsample, we obtained CV always lower than 13%, both in additive

H/L ratio and between repetitions (Table 1). In the second test we found analogous results,

CV between 3 and 12% for H/L ratio in 100, 200, 300 and 400 leucocytes and CV between 0

and 10% in repeated counts of the same smear (Table 2). 

Table 2. Second reliability test performed on the whole sample size (N=283). (1),(2),(3),(4),(5) are
number of repetitions.

Smear Additive H/L ratio
CV (%) (1)

Additive H/L
ratio CV (%)

(2)

Additive H/L
ratio CV (%)

(3)

Additive H/L
ratio CV (%)

(4)

Additive H/L
ratio CV (%)

(5)

Repeated H/L
ratio CV (%)

1 6.4 4.59 3.8 7.19 6.96 9.33
2 10.53 4.76 5.98 6.28 3.33 6.05
3 11.62 5.33 6.43 4.56 4.12 3.3

.pp.h:number.of.nestlings.per.nest3  0.193130   0.148409   1
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Factors associated with H/L ratio

Table 3. Results of the statistical analysis with H/L ratio as dependent variable (binomial GLMM).
Variance of the random factor brood identity = 0.04, standard deviation = 0.20.

Size effect  St. Error z-value p-value

Intercept 0.19 0.12 1.6 0.11

Fed/Unfed 0.11 0.06 1.74 0.08  

Wind speed -0.002 0.03 -0.08 0.93

Precipitation/hour  0.08 0.04 1.92 0.05 

Temperature 0.04 0.04 0.97 0.32

Year (2016-2017) 0.1 0.08 1.29 0.19

Smear quality ok 0.11 0.08 -1.31 0.18

 lysed -0.06 0.09 -0.64 0.52

   thick -0.1 0.11 -0.93 0.34

Disturbance -0.02 0.02 -1.16 0.24

Estimated age -0.05 0.04 -1.21 0.26

Estimated.age*Fed/Unfed -0.08 0.05 -1.71 0.08 

Sex (females) 0.12 0.03 3.43 <0.001***

Number of nestlings per
nest 

0.01 0.03 0.28 0.77

Altitude -0.07 0.02 -2.95 0.003**

Supplementary feeding showed an effect on H/L ratio, but only in young-aged nestlings and

not in old-aged nestlings (Table 3, fig.4). Young nestlings who did not receive supplementary

feeding showed higher H/L ratio compared to the ones who received food supplementation.

Female nestlings showed consistently higher H/L ratio than male nestlings.
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Fig.4 Predictive values (lines) and raw data (points) of the H/L ratio in relation to nestling age for fed
and unfed nestlings of the two sexes. 

Wind speed and temperature did not affect the H/L ratio. Precipitation, however, tended to

show an effect on H/L ratio in a near-significant way. Higher amounts of rain in the week

preceding sampling led to higher H/L ratio, therefore higher physiological stress (fig.5).

Year of sampling (2016-2017) did not show a significant effect on the H/L ratio, nor did

different categories of smear quality  or disturbance. 
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Fig.5 Predicted values of the H/L ratio in relation to one week averaged hourly precipitation with 95%
CrI. Here unfed females from 2017 are shown.

The number of nestlings per nest did not affect the H/L ratio. Lastly, altitude negatively

affected H/L ratio (fig.6).
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Fig.6 Predicted values of the H/L ratio in relation to altitude with 95% CrI. Here unfed 

females from 2017 are shown.
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CORTf

Factors associated with CORTf

Table 4. Results of the statistical analysis with CORTf  concentrations as dependent variable (LMM).
Variance of the brood identity = 0.05, standard deviation = 0.23; variance of the plate identity= 0.01,
standard deviation = 0.13.

Size effect  St. Error t-value p-value

Intercept 2.34 0.12 19.49 <0.001***

Fed/Unfed 0.22 0.07 3.1 0.002**

Wind speed -0.02 0.03 -0.64 0.51

Precipitation 0.07 0.07 1.06 0.29

Temperature -0.04 0.08 -0.52 0.59

Year (2016-2017) -0.01 0.12 -0.13 0.9

Disturbance -0.02 0.02 -0.87 0.38

Estimated age 0.11 0.09 1.12 0.26

Estimated.age*Fed/Unfed -0.2 0.06 -3.27 0.001**

Estimated.age*Number
of nestlings per nest

-0.06 0.03 -1.87 0.06

Number of nestlings per
nest 

0.17 0.04 4.06 <0.001***

Sex (females) -0.04 0.04 -1.03 0.3

Altitude 0.03 0.03 1.08 0.28

 

Similar to the results of the H/L ratio, supplementary feeding showed a strong significant

effect on CORTf , but this strong effect was only present in young-aged nestlings and not in

old-aged nestlings (Table 4; fig. 7). Young nestlings of experimental nests showed lower

CORTf than the ones of control nests. Moreover, the number of nestlings per nest affected

significantly the differential age-response. Nestlings with two siblings showed higher CORTf

than nestlings with one sibling or singletons at young age and this effect was stronger in unfed

chicks (fig.7) 
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Fig.7 Predictive values (lines) and raw data (points) of the CORTf in relation to nestling age for fed
and unfed individuals at different brood sizes. 

Neither wind speed nor amount of precipitation or temperature during the 2 weeks before

feather sampling showed a significant effect on CORTf.  

Disturbance by nest climbing did not show any significant effect.

Nestlings of different sexes did not differ significantly in their CORTf, nor did nestlings born

in different years (2016-2017). Altitude did not affect CORTf.
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Discussion

In this study we aimed at investigating how environmental factors and their modulators affect

stress levels in a population of wild red kite nestlings through a supplementary feeding

experiment. We hypothesized that nestlings with experimentally increased food availability

would have lower stress levels (H/L ratio and CORTf), but the effect on CORTf would be

stronger because of its higher capacity to perceive prolonged stressors and to trigger

behavioural beneficial responses. Moreover, we expected the two physiological measurements

to differentially detect the modulating effects of sex,  altitude, brood size and year.

Supplementary feeding affects H/L ratio and CORTf in young nestlings

In this study we show that wild red kite nestlings respond to differences in food availability

through corticosterone release, which accumulates in the growing feathers (fig.7). However,

this differential response to food supplementation is much more pronounced in young-aged

nestlings, and is higher in large broods. Similarly, a supplement of food determined a

reduction in H/L ratio in young but not in old nestlings. This effect was not as prominent as in

the CORTf (fig.4). Nestling age in this study varied from 22 to 48 days from hatching. Our

experiment showed that, when sampled between age 22  and 35 days, chicks who did not

receive supplementary feeding had a higher H/L ratio and CORTf compared to the fed chicks,

and that nestlings with siblings had the highest CORTf at young age. After this period these

differences gradually diminished. 

The developmental hypothesis postulates that the HPA-axis maturation should happen parallel

to physical and behavioural growth in order to avoid deleterious effects of chronic exposure to

CORT (Sims and Holberton 2000; Blas et al. 2005; Blas et al. 2006; Müller et al. 2010;

Homberger et al. 2015). In seabirds, CORT elevation in chicks was associated with poor

learning abilities later in life (Kitaysky et al., 2003) and in songbirds food deprivation and

CORT elevation during the early posthatching period have been reported to affect song

learning abilities (Buchanan et al. 2003). Moreover, in western scrub-jays (Aphelocoma

californica) individuals with elevated plasma baseline CORT in the early developmental stage

due to food restriction, later showed a stronger adrenocortical stress response, suffered

impaired spatial memory and had significantly reduced hippocampal volume with fewer

neurons (Pravosudov and Kitaysky 2006). Thus, there is reason to think that elevated CORT
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levels at young age might impair future fitness. H/L studies investigating effect the of early

developmental stress are lacking. However, few studies linked H/L ratio during development

to successive survival rates. Müller et al. (2011) showed that H/L ratio in Eurasian kestrels

(Falco tinnunculus) was a poorer predictor of survival between 10 and 13 days old than

plasma CORT, while Suorsa et al. (2003) found that H/L ratio in Eurasian treecreeper

nestlings (Certhia familiaris) was positively correlated with mortality and negatively

correlated with body–condition indices, suggesting nutritional stress to be the cause. In

contrast to plasma CORT, CORTf as a measure of stress is still at its infancy, but a study on

rhinoceros auklet (Cerorhinca moncerata) showed not only that CORTf was correlated with

nutritional stress, but also that fledglings with higher CORTf had poorer reproductive

performance (Will et al. 2014). 

An important early-life process is intra-brood fighting and competition. Nestlings mostly

compete by begging to parents and pecking the weakest sibling in order to scramble for food

resources. When food resources are insufficient to sustain the entire brood, dominant nestlings

might even kill their subordinate siblings either by actively attacking them or indirectly

through enforced starvation. Species that show this behaviour are defined facultative siblicidal

(Morandini et al. 2015). Even if there is, to our knowledge, no literature describing siblicide

in red kites, our observation during nestling monitoring confirm that facultative siblicide is a

widespread behaviour regulating the fitness output in our red kite population (Van Bergen,

unpublished data). These aggressive behaviours are at least in some species affected by either

androgens or CORT (Braasch et al. 2014). Studies on siblicidal species, suggest that CORT

may regulate sibling dominance and subordination relationships (Nuñez-de la Mora et al.

1996; Ramos-Fernandez et al. 2000; Tarlow et al. 2001) or intra-brood hierarchies (Love et al.

2003; Müller et al. 2010). In mice, it has been shown that a transient increase of CORT has

the beneficial effect of increasing aggression, whereas a chronic elevation of CORT

suppresses the aggressive behaviour (Maestripieri et al. 1991). It appears that this suppression

of aggression due to chronic CORT elevation is typical of submissive individuals (Summers

et al. 2005). This was the case in a recent study on the closely related species black kites

(Milvus migrans). The authors detected a decreased CORTf during nestling development in

relation to brood position. They also sampled one feather per individual (supra-tail covert) in

a similar time range (between 19 and 55 days). Second and third-hatched nestlings showed the

highest stress response at young age, and this was explained through brood-hierarchies

establishment during early development stages (López- Jiménez et al.  2016).
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Taken together, our results suggest that red kite nestlings undergo nutritional stress in early

life-stages and that this triggers intra-brood competition, as shown by the increased CORTf in

larger broods. Once the brood adjustments are done (either by “acceptance” by the loser

nestlings of their subordinate position, or by death of the latter), the food supplementation

effect diminishes and less CORT is released. To corroborate this idea, is the fact that both

physiological measure show similar results. Food shortage at young age resulting in poor

body conditions triggers both behavioural and immunological responses and they possibly

depend on each other. Worsening body conditions determine increasing vulnerability towards

infections. Without strengthening the immune system (by increasing H/L ratio), it would be

energetically strenuous and possibly detrimental to trigger a behavioural response (e.g.

increased begging and aggression). However, it remains unclear,  whether this physiological

response has an adaptive nature (e.g. the stress response is within the normal reactive scope

and nestlings with higher stress response have higher chance of survival), or a detrimental

effect (e.g. the stress response is within the homeostatic overload range and thus, nestlings

with higher stress response will likely have higher mortality rates). In order to really uncover

this mechanism, further investigation is needed. First of all, the hatch order of nestlings must

be established to see if it does affect the CORTf or H/L ratio. Second, survival rates as well as

breeding success in future life-stages of these individuals have to be related to our results to

help us understanding the fitness consequences of their physiological regulation.

Moreover, we think that a methodological effect might also influence CORTf. It is known that

approaching fledging, much of the energy it channeled towards feather growth rather than

body mass gain (O' Connor 1977). Although the physiology of growing feathers has been

extensively investigated (Lillie et al. 1932), not much is known about growth rate of body

feathers in nestlings. We suggest that there might be a increase in feather growth rate in red

kite nestlings approaching fledging age, which potentially exacerbates the age effect. If the

feather grows faster at 40 days old, less CORT will be accumulated in the same time interval

than it would have at 20 days old, determining a lower amount of CORT per g. The same

results were obtained also when expressing CORTf as function of feather length (mm) rather

than mass (g). To test this hypothesis, however, further investigation is needed, monitoring

body feathers growth rate throughout the developing phase. Moreover, future studies could

focus on CORTf comparisons between proximate and distal halves of each feather, to test

wether CORTf really differs between developing periods.
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Sex-biased H/L ratio 

Females showed higher H/L ratios than males (fig.4). Raptors are generally characterised by

sexual dimorphism, with females on average bigger than males. This fact has some

physiological implications: due to their bigger size, energy requirements in females are higher

than in males (Bortolotti et al. 1986; Torres and Drummond 1997). Under favourable food

conditions, the bigger females are potentially capable to outcompete their male siblings for

food; however, under severe food restriction, females might experience a disadvantage

because of their higher energy requirements. Martínez-Padilla (2004) suggested that this

condition might be exacerbated by brood hierarchy. If a female is in a subordinated position,

her bigger size might represent a significant disadvantage. This was observed by Torres and

Drummond (1997) in blue-footed boobies, where last-hatched females experienced higher

mortality rates linked to lower food availability throughout the breeding season than males.

Also in common terns (Sterna hirundo), the male is slightly bigger and showed higher CORT

presumably because of higher food requirement (Braasch et al. 2014). Our result of increased

H/L in females is in line with the literature, however CORTf did not show the same pattern.

We suggest that in a condition of intra-brood fighting due to food shortage, the bigger

individual might be in disadvantage because of its higher energy requirement. This can lead to

a impoverishment of body conditions which alarms the body of increasing chances of

infections, which in turn determines and increase in H/L. Being the female already the bigger

individual, however, a behavioural response inducted by elevation in CORT, such as

increased begging and aggression might not be as functional as an increase in immune

defence. Hence, we suggest that females red kite nestlings are disadvantaged in food shortage

situations, but that this effect probably not limiting for further development and fitness.

Otherwise, we would have expected a similar response in CORTf. Further investigation on

sex-specific survival rates will help us deepening the understanding of this physiological

pathway.

Precipitation increases H/L ratio

Higher amounts of precipitations in the week preceding sampling correspond with higher H/L

ratio (fig.4). This result is consistent with previous studies with plasma CORT (Romero, Reed

and Wingfield 2000; Bize et al. 2007; Bize et al. 2010; Jenni-Eiermann 2008; Lobato et al.

2008) and H/L ratio (Regnier and Kelley 1981; Müller et al. 2011). The effect of weather has
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often been interpreted to interact with and regulate food availability. Therefore, an increase in

the physiological response via enhanced CORT concentrations due to harsh weather

conditions was often explained as a way to overcome food shortage through catabolism of

body reserves, mobilizing fat storage and increasing foraging behaviour (Bize et al. 2010). A

rise in H/L ratio, however, does not trigger an immediate behavioural response as CORT

does, but it increases disease resistance (Dhabhar et al. 1997;2002). Hence, we suggest that

exposure to high amount of precipitation increases the vulnerability of the individual because

it might prevent parents from bringing food to the nest and worsen the body condition, which,

in turn, increases nestlings susceptibility towards infections. Hence, an increase of

immunological resistance may prevent detrimental consequences. Gross and Siegel (1983)

pointed out how H/L ratio provides a measure of physiological change, whereas the

concentration of CORT in the blood is affected by many factors before physiological changes

occur. We suggest that if higher amounts of precipitations represented a life-threatening

stressors, both physiological measures would have increased. Hence, we propose that

precipitation independently represents a minor stressor in our red kite nestling population,

because it determined increases only in H/L ratio and not in CORTf.

H/L ratio decreases with altitude

In this study, the increasing altitudinal gradient of nesting sites (range= 500 m.a.s.l. - 1100

m.a.s.l.) was found to significantly determine a decrease in H/L ratio in red kite nestlings

(fig.6). There are several possible explanations. First, higher altitudes are generally more

prone to harsher and unpredictable weather conditions, with lower temperatures and higher

amounts of rainfall during the breeding season (Hodkinson 2005). In our study, altitudinal

gradient represents a proxy for differential weather conditions, since weather variables for the

same day are equal for all nests. In general, in harsher weather conditions, parent investment

plays a key role. For example, it has been shown that broods at higher altitudes had longer

incubation time or increased foraging rate by the male parent (Badyaev et al. 1993, Badyaev

et al. 1994; Johnson et al. 2007) possibly increasing juveniles’ survival rates (Badyaev et al.

1997). Moreover, the breeding density of red kites and other raptors is sensitively lower at

higher altitudes and this helps decreasing competition for food and potentially increase

parental food provisioning. Altogether, however, these higher-elevation strategies are

supposed to compensate for worse habitat condition. We suggest that a parallel change in the
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diet along this altitudinal gradient might modulate the outcome of increased parental

investment and lower breeding densities in a positive way. We know that in the study area, at

higher elevations, there are large anthropogenic feeding sites. We suggest that anthropogenic

feeding might have a positive impact on the natural food availability which, together with

increased parental care and lower breeding densities, might overcompensate for harsher

weather conditions and allows for better nestlings physiological status.

Second, another line of interpretation is that higher altitudes impose modifications to the

haematological profile. Experimental evidence shows that in birds, as in most vertebrates,

higher altitudes determine a rise in red blood cells to help oxygenation in peripheral tissue

(Zhang et al. 2007; Kushwaha 2015; Nurwahyuni et al. 2016), and in general this increase is

more evident in more actively flying species, where a higher uptake of oxygen is needed

(Carpenter, 1975; Hiebl et al. 2005). Experimental evidence on mammals showed that

hypoxia determines an increase also in circulating lymphocytes (Klokker et al. 1993), and a

similar result was obtained in a study on broilers (Nurwahyuni et al. 2016). However, to our

knowledge, there is no study investigating altitudinal effect on H/L ratio, since most of the

literature focuses on red blood cells. We suggest that rather than an advantageous adjustment

to higher altitude, lower H/L ratio can be caused by an increase in circulating lymphocytes as

a consequence to a condition of hypoxia. However, further investigation is needed.  We incite

future studies to look into haematological profiles (PCV, absolute leucocyte counts, H/L ratio)

of birds at increasing altitudes and cross them with data on parental investment, breeding

density and natural food availability.

H/L ratio and CORTf  as measures of stress

In summary, our results show that our population of wild red kite nestlings in Switzerland

physiologically reacts (via increase in CORTf and H/L ratio) to differential food availability

at early developmental stages. Moreover, age-specific response depends on the brood size:

nestlings with two siblings have a higher stress response at young age than nestlings with only

one sibling or singletons. Female nestlings have an overall higher H/L ratio. Altogether, this

suggests that intra-brood competition plays a key role in the natural population (unfed) and

that this process follows a hormonal regulation. Whether this behaviour is adaptive or

detrimental remains unclear and calls for further investigation. Precipitation determines an

overall increase in H/L ratio due to a physiological need to increase disease resistance, and
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nestlings at higher altitudes have lower H/L ratio possibly due to physiological adaptation to

lower oxygen concentrations or an interaction between changes in food availability, lower

breeding densities and higher parental investment. 

Our results support the growing appreciation towards CORTf as a reliable measure to assess

environmental, physiological and social challenges, and towards H/L ratio as a measure more

reactive to a variety of inputs that require an immunological reinforcement. We suggest using

these two measures together, because of their differential sensitivity towards stressors nature. 

Potential methodological artefacts

Our experimental design did not bias the obtained results. As biologists, we want to

investigate on our study species with all of our means, but it's fundamental to do so without

altering their behaviour and, consequently, the studied parameters (Götmark 1992). Our

results show that the number of times that each nest was visited did not cause a raise in either

CORTf or H/L ratio. Hence, individuals in nests climbed 1 or 6 times throughout the breeding

season did not differ significantly in the physiological response. Moreover, we wanted to

control for possible bias in leucocyte counts due to technical artefacts. We did not find any

significant differences in counts of good quality smears compared to lower quality smears,

meaning that the differences in quality were not limiting for a thorough evaluation. 
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Data collection

The experimental data (feathers and blood samples) for this master thesis were provided by

the Swiss Ornithological Institute and gathered during the two years before the beginning of

this master thesis. The data were then analysed during the established period of the master

thesis (six months).
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