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Abstract
Health assessment of individuals is an important aspect of monitoring endangered wildlife populations. Haematological 
and biochemical values are a common health assessment tool, and whilst reference values are well established for domestic 
species, they are often not available for wild animal species. This study established 31 haematological and biochemical 
reference intervals for golden eagle (Aquila chrysaetos) nestlings in Scotland, in order to improve the understanding of 
the species’ health and support conservation efforts. Reference intervals were created from 47 nestlings (ages 2–7.5 weeks 
old) across 37 nests, to date, the largest sample of wild individuals of this species and age cohort sampled for these pur-
poses. Upper reference intervals for concentrations of lymphocytes, total protein, cholesterol, triglycerides, uric acid, and 
monocytes, calculated in this study, are higher than those found for adult raptors and the interval span is higher than that 
observed in adult raptors for concentrations of AST, albumin, eosinophil, LDH, and monocyte count. Statistically significant 
positive correlations were found with age and concentrations of haemoglobin, lymphocytes, serum pH, and creatine kinase, 
and significant negative correlations with age for concentrations of thrombocytes, heterophils, total protein, globulin, and 
lactate dehydrogenase. Packed cell volume was significantly higher for females than males, and concentration of calcium 
and eosinophils were higher for individuals in good body condition than those in moderate body condition. The reference 
intervals produced by this study will be of important use to the veterinary and conservation management communities and 
will aid the long-term monitoring of the Scottish golden eagle population health.

Keywords  Nestling · Biochemistry · Reference interval · Golden eagle · Haematology

Introduction

Haematological and biochemical reference intervals are com-
monly used to evaluate individual animal health (Mathieu-
Denoncourt et al. 2015; Barrows et al. 2017; Morandini et al. 
2018; Townsend et al. 2018). Health assessment of individuals 
can be used for diagnosing disease and informing individual 
treatment. Whilst haematological and biochemical values 
are well established for domestic species, information is not 
always available or easy to obtain for free-ranging wild species 
(Polo et al. 1992; Hernández and Margalida 2010; Mello et al. 
2016) or free-ranging or domestic nestlings, juveniles, and 
sub-adults. Blood reference values developed from individu-
als under human care may lack the natural variation presented 
by a wild environment, as conditions can be more easily con-
trolled (Perry et al. 1986). It is known that haematological and 
biochemical values can be influenced by age, nutritional status, 
sex, or external factors such as chemicals or contaminants as 
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well as seasonal changes (Gee et al. 1981; Perry et al. 1986; 
Gessaman et al. 1986; Maxwell et al. 1990; Dobado-Berrios 
and Ferrer 1997; Dickinson et al. 2002; Hollamby et al. 2004; 
Peinado et al. 2007; Sonne et al. 2010; Greig et al. 2010; 
Muñoz et al. 2012; Græsli et al. 2014; Stoffel et al. 2020).

The golden eagle (Aquila chrysaetos) is a key apex predator, 
and the second largest and one of the most charismatic of the 
UK’s birds of prey (Royal Society for the Protection of Birds 
2011; Riley 2012; Taylor 2016). It is also widely spread in 
the northern hemisphere, spanning across the Palearctic and 
Nearctic regions (Watson 2010; Taylor 2016). Historically, 
golden eagles were distributed across the whole of Europe but 
continuous persecution and pollution during the nineteenth 
century drove the species to near extinction in the UK (Lockie 
and Ratcliffe 1964; Lockie et al. 1969; Newton and Galbraith 
1991). Despite the golden eagle legal protection since 1954 
and an increase in breeding pairs (Hayhow et al. 2017), the 
2015 Scottish golden eagle survey and subsequent annual 
monitoring have reported a decrease in productivity in some 
areas despite a reduction in persecution (Hayhow et al. 2017) 
and evidence of food supply. This unexplained low productiv-
ity for certain areas of Scotland has anecdotally been suggested 
as being due to high nestling mortality (pers.com Scottish Rap-
tor Study Group, SRSG). Direct observations of high nestling 
mortality and poor health in the 2018 nesting season by one 
author of this study (GP) supports this anecdotal suggestion.

Clinical examination and blood sampling to assess the health 
of free-ranging golden eagle nestlings in Scotland have never 
been carried out across the population and existing published 
haematological values for golden eagles in general are limited.

Representative information from free-ranging individuals 
is required as housing, diet, management, and handling under 
captive conditions can alter natural behaviours, blood values, 
and parasite range, providing an inaccurate view of the health 
and ecology of wild species (Forbes and Simpson 1997; Park 
2003; Spagnolo et al. 2008). Age has also been described as 
a factor affecting blood values (Viñuela et al. 1991; Dobado-
Berrios et al. 1998; Ferrer and Dobado-Berrios 1998). Cur-
rently, the few references on golden eagles relate mainly to 
studies of captive adult individuals or free-ranging individu-
als which include only a small sample of nestlings (Nazifi 
et al. 2008; Sonne et al. 2010, 2012; Teare 2013).

The development of blood reference intervals for Scot-
tish golden eagle nestlings will add valuable information for 
individual health assessment and management of the species 
and facilitate health studies of the wider raptor assemblage. 
Golden eagle nests in Scotland are well monitored and the 
population size can be estimated through yearly counts of 
successful breeding territories and ringing (also known as 
banding) of nestlings, which are also the more physically 
accessible of the species cohort (Hayhow et al. 2017). Nest-
lings are also often the group of choice for reintroduction, 
reinforcement, or translocation programmes (Love and Ball 

1979; Molenaar et al. 2017) and blood reference values for 
this age group will facilitate health evaluation and choice of 
individuals. The rationale for this research was developed 
during the early stages of a Scottish golden eagle reinforce-
ment project using nestlings for translocation, highlighting 
the management importance and value of this work. Com-
prehensive health examinations, including haematology 
and biochemistry, are used in this reinforcement project to 
inform the selection of individuals and decide the course of 
interventions. Blood reference values for this cohort would 
assist with these decisions before and during the quarantine 
of the eagles, and before their release.

The aim of this study was to establish reference intervals for 
haematological and biochemical values of free-ranging golden 
eagle nestlings using birds from across Scotland, in order to 
inform future health assessments of this age group and improve 
the understanding of a well monitored but vulnerable population.

Materials and methods

Sampling strategy and ethical approval

A total of 53 golden eagle nestlings between two and seven 
and a half weeks old from 38 nests across Scotland were vis-
ited. Two nestlings could not be sampled due to small size 
and thus blood samples were collected from 51 nestlings from 
37 nests, with pairs of nestlings found in 14 nests, between 
9 am and 8 pm during daylight summer hours of June and 
July in the 2017 and 2018 breeding seasons during visits to 
the nests for population marking (via leg ringing) as part of 
routine management and monitoring of the species. All proce-
dures took place under Home Office licence authority (project 
licence PB8A1D5C7, local AWERB review identifier PL10-
17), and ethical approval from the University of Edinburgh.

Sampling area

The nests were distributed across Scotland, from the West-
ern Isles across to the North East Glens and down as West 
Argyll and Isles (Fig. 1). These areas have been designated 
and developed by Scottish Natural Heritage (SNH) as natural 
heritage zones (NHZs) (Scottish Natural Heritage 1998).

Health assessment and blood collection

A clinical health examination protocol was designed and 
performed on each individual following general raptor 
medicine and management recommendations (Heidenreich 
1997; Redig and Ackermann 2000). As part of this exami-
nation, body weight was obtained and age, body condition, 
feather development, mentation, body posture, observation 
of obvious lesions, abnormal body discharges, breathing 
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abnormalities, and general appearance were evaluated. Points 
were given for each negative observation and with two points 
or more, the individuals were considered not healthy and thus 
not considered for reference range calculations. See Supple-
mentary Table 1 for details of observations and scoring. Age 
was estimated based on a protocol created from descriptions 
of weekly feather development of American and Scottish 
golden eagle nestlings (Driscoll 2010; Watson 2010). Body 
condition was assessed and categorised as good, moderate, 
or poor, based on prominence of the keel bone and pectoral 
muscle mass (Meredith 2016), accounting for less developed 
pectoral muscle mass due to pre-flight status. Finally, indi-
viduals were categorised as ‘healthy’ or ‘not healthy’ based 
on this full clinical examination protocol.

Blood was obtained from the brachial vein and used for 
haematological, biochemical, and molecular sexing analy-
sis, using a 5 ml disposable syringe and a 23 gauge needle, 
whilst the bird was held in dorsal recumbency at an angle 
of approximately 45° to minimise pressure on dorsal air 
sacs. A maximum of 5.5 ml of blood was obtained from 
each wing, by filling all usable space in the syringe, beyond 
the graduated 5 ml, to a maximum of 11 ml per individual 
(never exceeding 1% bodyweight). Pressure was applied to 
the venipuncture site after sampling to allow clotting and 

prevent hematoma formation. Handling time was limited to 
approximately 5 min per bird. Individuals were returned to 
their nest as soon as possible after handling. The time the 
birds were out of the nest varied depending on the number of 
people available to assist at the nest site and the accessibility 
of the nest; time spent at the nest ranged from 10 to 30 min, 
and on average 20 min, during which routine protocols for 
species monitoring were performed (ringing, measuring), 
along with the blood sampling and health examination for 
this study. The same procedures were conducted on all nest-
lings present in the nest.

Sample handling and storage

Blood was collected into a lithium heparin tube (minimum 
1.5 ml) and the remaining drops of fresh blood in the syringe 
were placed on a Whatman FTA ® DNA card (GE Health-
care Live Sciences UK Ltd. Amersham Place, Buckingham-
shire HP7 9NA, UK) for molecular sexing and additionally 
to make two fresh whole-blood, air-dried smears, using the 
slide on slide technique (Campbell and Ellis 2015). The 
dried smears and the lithium heparin tube samples were 
stored at ambient temperature (15–17 °C) and sent to Green-
dale Veterinary Diagnostics Ltd., Surrey, England, UK, for 

Fig. 1   Scottish biogeographic 
zones, termed natural heritage 
zones by Scottish Natural Herit-
age (1998). The eight areas and 
their respective names sampled 
in 2017 and 2018 during this 
study appeared in grey and 
names in bold
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arrival within 48 h, or 72 h for cases sampled on a Saturday. 
Lithium heparin tubes were spun on arrival to the lab. Each 
Whatman FTA ® DNA card was stored in a SceneSafe™ 
tamper evident bag containing moisture indicator silica gel 
beads (Scientific Laboratory supplies Ltd. 22–23 Rudding-
ton Ln, West Bridgford, Nottingham NG11 7EP, UK), pro-
viding a moisture-free environment for cards to dry out and 
remain dry whilst working in the field.

Analytical method

An extended avian profile (Greendale Veterinary Diagnos-
tics Ltd.) was performed on every lithium heparin sample, 
volume permitting. The plasma biochemistry profile analytes 
included proteins: albumin, haemoglobin, total globulin, and 
total protein; enzymes: aspartate aminotransferase (AST), 
creatinine kinase (CK), and lactate dehydrogenase (LDH); 
metabolites: bile acids, uric acid, glucose, cholesterol, and 
triglycerides; minerals: calcium, potassium, and sodium; and 
ionised calcium. All biochemical analytes were photometri-
cally measured with an Olympus AU640 at 37 °C (Olympus 
Corporation, Southend-on-Sea, SS2 5QH, UK) except for 
the haemoglobin and ionised calcium, for which different 
analysers were used (HemoCue, Prospect Diagnostics, Der-
byshire, S18 2LX, UK; and ABAXIS i-STAT® analyser 
(Abaxis UK Ltd. Chessingham Park, Dunnington, York, 
UK)) respectively. White blood cell (WBC) counts were 
determined manually with an improved Neubauer haemocy-
tometer and the use of phase contrast microscopy. A solution 
of 0.38 ml of 1% ammonium oxalate and 0.02 ml of lithium 
heparin blood was prepared and used to fill the counting 
chamber and a total of four large squares (64 small squares) 
were counted with the × 40/0.65 phase objective. The total 
number of cells was divided by 20 to obtain WBC × 109/L. 
Packed cell volume (PCV) was obtained from plain capillary 
tubes filled with blood at centrifuged at 10,000 g for 5 min 
and read manually with a microhaematocrit reader. Counts 
of avian red blood cells which have large and nucleated cells 
are not accurate enough to be useful (Harvey 2012); thus, 
counts were not done for erythrocytes. However, the blood 
smears, stained with Wright Giemsa (Hematek 2000 stainer, 
Siemens Healthcare Ltd.), were used to evaluate thrombo-
cytes, red and white blood cell morphology, haemoparasites, 
and evidence of anisocytosis, polychromasia, and anaemia. 
The WBC differential count was based on 100 counted leu-
cocytes. Polychromasia and anisocytosis were estimated 
to assess erythropoietic activity. The serum pH was meas-
ured with an ABAXIS i-STAT® analyser (Abaxis UK Ltd., 
Chessingham Park, Dunnington, York, UK). Extraction 
and amplification of DNA for molecular sexing were per-
formed by the Science and Advice for Scottish Agriculture 
(SASA) forensics laboratory (Roddinglaw Road Edinburgh 
EH12 9FJ, Scotland, UK). Most values tested here would 

have remained within allowed deviations under the imposed 
conditions prior to analysis; nevertheless, any time-sensitive 
values likely to change prior to analysis will be presented 
with a notification in the results (Thoresen et al. 1992; Day 
et al. 2001; Van_Balveren et al. 2017).

Data analysis

Statistical analysis, including reference limit calculation and 
confidence intervals, was conducted for each haematological 
and biochemical value. This was performed using R version 
3.5.1 and the ‘referenceIntervals’ R package (Finnegan 2014; 
RStudio Team 2016; R Core Team 2018). A Shapiro–Wilk 
test was performed for exploration and normality testing of 
the data. A robust reference interval calculation that would 
comply with basic reference interval calculation principles 
(Friedrichs et al. 2012) could not be performed due to small 
sample size; therefore, a conservative approach to determine 
the use of a parametric or nonparametric reference interval 
calculation was adopted in order to determine 95% reference 
interval, with 90% confidence intervals (CI). Fourteen out 
of a total of 37 nests contained a pair of individuals per nest; 
thus, the calculation of reference intervals using all nestlings 
would therefore potentially introduce pseudo-replication in 
the values. To account for this, nest-level datasets were cre-
ated via bootstrapping methodologies prior to reference inter-
val calculation. For each nest, a single nestling from that nest 
was selected at random (same nestling for single nests) to 
create a dataset of one nestling per nest, and this was repeated 
1000 times. These 1000 datasets were used to calculate the 
reference intervals.

For each dataset produced, depending on data distribution, 
different methods for calculating the reference intervals were 
followed: If data were normally distributed (Shapiro–Wilk 
normality test p value ≥ 0.05), then reference intervals were 
calculated using parametric methods. If raw data were not 
normally distributed (p values < 0.05), a Box-Cox trans-
formation was attempted. If this Box-Cox transformation 
resulted in normally distributed data, then reference intervals 
were calculated using parametric methods on the transformed 
data. Values obtained were subsequently back-transformed 
to obtain the real reference limits based on the raw data. If 
data were not normally distributed (p values < 0.05), whether 
Box-Cox transformed or not, then reference intervals were 
calculated using a nonparametric method via bootstrapping 
(NP). All outliers detected by the Horn method were retained 
for calculations, based on clinical evaluation (Geffré et al. 
2011; Friedrichs et al. 2012). The mean and upper and lower 
5% quantile reference values for the lower and upper refer-
ence interval for each value were then calculated from the 
output from the 1000 bootstrap data sets.
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Differences in blood values between males and females 
were investigated by means of a t-test for values that pre-
sented a normal distribution on first examination (Shapiro– 
Wilk ≥ 0.05) or where transformation resulted in a normal 
distribution and by Wilcoxon test for data with a non-normal 
distribution (Shapiro–Wilk ≤ 0.05). A two-sample t-test of 
parametric, otherwise Wilcoxon was used to compare val-
ues between the different body condition categories. Pearson 
product moment correlations were calculated to look at the 
association of age with the different blood values.

Results

Following the clinical examinations, four individuals were 
considered not healthy resulting in 47 healthy individuals 
being used for reference interval calculation (Table 1, Sup-
plementary Fig. 1). Individual mean values and reference 
intervals are presented in the context of previous studies on 
other populations in the discussion. No blood parasites were 
detected in any of the samples and mild to moderate poly-
chromasia was reported for 8 individuals of which two cases 
presented the occasional metarubricyte. The ages of the indi-
viduals used in this study ranged between 2 and 7.5 weeks of 
age (mean = 5.4) (Fig. 2), whilst the weight of healthy and 
unhealthy individuals ranged from 1400 to 4650 g across the 
females (mean = 3320.5 g) and from 1500 to 4300 g across 
the males (mean = 2890.5 g) (Table 2). Association of age 
with the different blood values found 11 statistically signifi-
cant correlations (Table 3).

Body condition scores were assessed on all examined 
birds (including four deemed as unhealthy) and the effects of 
good and moderate body conditions were analysed. Analysis 
of birds in poor body condition was not possible because 
only two birds were observed in such condition. Positive 
statistically significant associations were observed between 
body condition and two blood values (PCV (L/L) and eosin-
ophils (× 109/L)) (Table 3).

Out of 47 healthy individuals examined, 28 were mem-
bers of a twin pair and 19 were single individuals in a nest. 
When analysing the effect of sex on all values measured, the 
only statistically significant difference found was for packed 
cell volume (Welch two sample t-test p-value = 0.009, 
female mean = 0.420, male mean = 0.381, Table 3). No effect 
of presence of twins vs. single individuals in each nest was 
detected on any of the blood variables measured (Welch two 
sample t-test, smallest p-value = 0.08).

Discussion

This work has estimated reference interval values for 31 hae-
matological and biochemical values in golden eagle nestlings 
from Scotland adding considerably to the currently sparse 

literature for this species. Previous studies have been limited 
to either only adults (Nazifi et al. 2008), captive individuals 
(Polo et al. 1992; Pollock 2005; Teare 2013) or have been on 
a limited number of nestlings (N = 12) (Sonne et al. 2012). 
The haematologic and biochemical values reported from a 
study using a small sample (N = 5) of adult captive golden 
eagles (Polo et al. 1992) generally fit within the ranges that 
are presented here, with a few notable variations or excep-
tions. Upper reference intervals for lymphocytes, monocyte 
percentage, total protein, cholesterol, triglycerides, and uric 
acid calculated in this study (Table 1, Supplementary Fig. 1) 
are higher than those found for adults (Polo et al. 1992), 
although the lower interval remains within the range pre-
sented for adults. In contrast, the span of the interval in the 
present study is higher than the range of values observed 
in adult raptors (Polo et al. 1992) for AST (present study 
175.11–575.40 U/L vs Polo et al. (1992) study 55–71 U/L), 
albumin (12.10–17.49 g/L vs 8–10 g/L), eosinophil percent-
age (5–24.0% vs 1–3%), eosinophil count (0.60–5.40 × 109 
vs 0–0 × 109), LDH (861.55–3658.56 U/L vs 374–683 U/L), 
and monocyte count (0.30–2.0 × 109 vs 0–0 × 109).

The authors recommend that the reference limits provided 
for evaluation of golden eagle nestlings are used in combi-
nation with clinical experience for decision-making; these 
conservative intervals are shown in Table 1. Animals with 
values found outside the conservative ranges presented here 
should merit further examination and investigation of pos-
sible causes such as presence of toxins or invisible chronic 
illness.

The width of ranges presented in this study are more 
similar to those previously presented for a few free-ranging 
golden eagle nestlings (Sonne et al. 2012) than those pre-
sented for captive adult golden eagles (Polo et al. 1992). The 
values comparable between Sonne et al. (2012) study of free-
ranging golden eagle nestlings and the present study provide 
similar means for albumin (14.08 g/L vs 14.33 g/L); Na 
(155.7 mmol/L vs 154.2 mmol/L); potassium (3.06 mmol/L 
vs 2.12 mmol/L); total protein (30.07 g/L vs 38.72 g/L); and 
calcium (1.3 mmol/L vs 2.75 mmol/L) where the second 
reading represents the mean for the present study. These 
parallels are probably not surprising given the age similar-
ity and the fact that captive conditions impose control over 
various values such as diet, anaesthesia, and fixed sampling 
times (Dressen et al. 1999; Ferrer et al. 1987). The values 
presented by this paper are likely to be more representative 
of the natural range of golden eagle nestlings exposed to a 
non-captive environment. A larger sample size and the use 
of health examinations improve the suitability of the refer-
ence intervals for assessing health of free-ranging golden 
eagle nestlings.

Whilst an important tool, blood reference values should 
not be the only factor used to determine an animal’s health. 
Values such as lymphocytes, monocytes, eosinophils, and 
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basophils can be used as indicators of chronic, systemic, or 
parasitic infections, tissue damage, disease, or stress (Maxwell 
et al. 1990; Maxwell 1993; Clark and Raidal 2009), but must 
be interpreted whenever possible in conjunction with patient 

history, other clinical findings, and clinical experience for a 
more complete health assessment.

Sampling of large free-ranging species in remote loca-
tions means that it is not possible to fully meet ideal sample 

Table 1   Summary of 31 haematological and biochemical values obtained from 47 healthy nestling golden eagles (Aquila chrysaetos)

Mean and median of each parameter, lower reference limit (LRL) with its corresponding confidence interval (CI), upper reference limit (URL) 
with its corresponding confidence interval (CI), and statistical method used to calculate the interval: parametric (P), parametric with Box-Cox 
transformation (P (BC)), or nonparametric via bootstrapping (NP (Boot))
AST aspartate aminotransferase, Ca calcium, Ca2+ ionised calcium, CK creatine kinase, K potassium, LDH lactate dehydrogenase, Na sodium, 
Na.K sodium. potassium ratio, PCV packed cell volume, WBC white blood cells

Value N Mean Median Reference interval (confidence intervals) Method

Lower reference limit (CI) Upper reference limit (CI)

Biochemical analyte
   Proteins
      Albumin (g/L) 41 14.33 14.0 12.09 (11.97–12.19) 17.49 (16.77–18.18) P (BC)

            Haemoglobin (g/L) 42 1.03 1.0 0.83 (0.82–0.84) 1.22(1.19–1.23) P
            Globulin (g/L) 41 24.12 22.9 18.07 (17.99–18.17) 34.01 (32.05–36.62) P (BC)
            T protein (g/L) 42 38.72 37.3 30.47 (30.36–30.60) 49.79 (48.23–53.41) P (BC)
   Enzymes

            AST (U/L @ 37 °C) 40 288.2 246.0 175.11 (168.38–179.34) 575.40 (499.84–661.17) P (BC)
            CK (U/L @ 37 °C) 39 3287.1 2943.0 –––– –––– P (BC)
            LDH (U/L @ 37 °C) 36 1677.13 1435.0 861.55 (824.52–906.78) 3658.56 (3466.35–3981.14) P (BC)
   Metabolytes

            Bile acids (μmol/L) 42 23.40 22.3 5.28 (5.28–5.28) 46 (46–46) NP (Boot)
            Uric acid (μmol/L) 42 816.9 861.0 176.19 (123.77–220.72) 1497.90 (1428.80–1546.34) P
            Glucose (mmol/L) 39 10.26 11.9 0.60 (0.60–0.60) 15.40 (15.40–15.40) NP (Boot)
            Cholesterol (mmol/L) 41 6.12 5.7 3.68 (3.62–3.74) 10.08 (9.33–10.76) P (BC)
            Triglycerides (mmol/L) 41 1.563 1.4 0.44 (0.36–0.44) 4.36 (3.42–4.36) NP (Boot)
   Minerals

            Ca (mmol/L) 39 2.75 2.8 2.33 (2.31–2.35) 3.14 (3.10–3.17) P
            K (mmol/L) 39 2.12 1.4 0.90 (0.90–0.91) 8.66 (8.15–9.18) NP (Boot)
            Na (mmol/L) 39 154.2 154.0 149.11 (148.65–149.57) 159.59 (158.29–160.30) P (BC)
            Na.K 39 103.587 115.5 18.5 (16–18.5) 178.89 (154.55–178.89) NP (Boot)
   Ions

            Ca2+ ( mmol/L) 37 1.423 1.4 1.23 (1.20–1.26) 1.62 (1.60–1.64) P
   Haematologic analyte

            Basophils % 47 0 0.0 –––– –––– ––––
            Basophils (109/L) 47 0.28 0.2 –––– –––– ––––
            Eosinophils (%) 47 0.123 0.1 0.05 (.05–0.05) 0.24 (0.22–0.25) NP (Boot)
            Eosinophils (109/L) 47 1.90 1.5 0.60 (0.60–0.60) 5.40 (4.10–5.40) NP (Boot)
            Heterophils (%) 47 0.54 56.0 0.32 (0.31–0.34) 0.74 (0.72–0.76) P
            Heterophils (109/L) 47 8.49 8.2 2.18 (1.67–2.85) 14.34 (13.12–15.36) P
            Lymphocytes (%) 47 26.6 0.3 0.07 (0.07–0.07) 0.56 (0.56–0.56) NP (Boot)
            Lymphocytes (109/L) 47 4.07 4.0 1.19 (1.08–1.30) 7.00 (6.70–7.26) P
            Monocytes (%) 47 0.05 0.1 0.02 (0.02–0.02) 0.12 (0.12–0.12) NP (Boot)
            Monocytes (109/L) 47 0.85 0.8 0.30 (0.30–0.30) 2.0 (1.90–2.0) NP (Boot)
            PCV (L/L) 42 0.395 0.4 0.31 (0.30–0.31) 0.48 (0.47–0.48) P
            Serum pH 37 6.90 7.0 6.57 (6.53–6.59) 7.28 (7.25–7.30) P
            Thrombocytes (109/L) 33 15.63 13.5 7.63 (7.21–8.12) 33.86 (30.46–36.97) P (BC)
            WBC (109/L) 47 15.53 15.5 7.07 (5.30–8.84) 23.86 (22.32–24.92) P
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processing standards. All measures were taken to obtain, 
transport, and process the samples in order to obtain mean-
ingful and reliable results. Most values tested here would 
have remained within allowed deviations under the imposed 
conditions prior to analysis; nevertheless, glucose could have 
decreased and potassium could have increased (Thoresen 
et al. 1992; Day et al. 2001; Van_Balveren et al. 2017). How-
ever, this is not likely to be to a clinical degree or critical 
change value (Guder et al. 2010; Van_Balveren et al. 2017).

Plasma enzymes regulate metabolic reactions and can 
reflect avian health (Hanauska-Brown et  al. 2003). The 

authors suspect that the high values observed for CK, AST, 
LDH, triglycerides, and uric acid may be due to factors such 
as dehydration, skeletal muscle damage, or postprandial effect 
(Joseph 2006; Lumeij and Remple 2007). Furthermore, to the 
intervention of handling and sampling, this may reflect the 
additional natural stresses imposed on free-ranging wild ani-
mals. It is generally accepted that brachial vein sampling as 
well as muscle damage associated with handling may cause 
an elevation of CK and LDH (Joseph 2006; Meredith et al. 
2012). As with previous work with young raptors (Meredith 
et al. 2012), the nestlings sampled by this study are yet to 
fledge and the majority are yet to start exercising their wings. 
The lack of exercise could mean that their muscles are more 
prone to cellular disruption (Knuth and Chaplin 1994), and 
thus high CK levels could be observed as a result of handling. 
In an effort to reduce the possibility of muscle damage, every 
effort was made to reduce handling stress. Samples were col-
lected by skilled veterinary practitioners and birds handled by 
experienced bird handlers.

Glucose levels (0.60–15.40 mmol/L), found by this study 
for the majority of the golden eagle nestlings sampled, 
have a wider range and the upper reference limit is com-
parable to that found for golden eagle nestlings in Norway 
(6–17 mmol/L) (Sonne et al. 2012), and results for both of 
these studies contrast with more elevated glucose readings 
(13.6–25.6 mmol/L) reported for adult golden eagles (Polo 
et al. 1992). Whilst an increase in the glucose readings with 
age has been reported for other raptor species (Ferrer and 
Pablo 1998), reinforcing the importance of acknowledging 
differences in age when referring to blood reference inter-
vals for the species, no such association was found with the 
current study with nestlings whilst in the nest (from 2 to 
7.5 weeks old). This suggests that glucose age differences 
may not be apparent under seven and a half weeks of age.

Fig. 2   Age and sex distribution of 47 healthy golden eagle nestlings 
(Aquila chrysaetos) (males N = 26, females = 21) used for reference 
interval calculation

Table 2   The distribution of age, weight, and sex across the nestling golden eagle (Aquila chrysaetos) sampled population. Weight range across 
all sampled population, standard deviation (sd) calculated within each group

Nestling’s age, weight, and sex distribution across all 51 birds examined (healthy and non-healthy)

Weight range Age (weeks) Female (N) Female mean (g) (sd) Male (N) Male mean (g) (sd) Unknown weight (N)

900–2400 2 2 2100 (707.1) 0
1500–2750 3 3 2275 (477.0) 1 1500
1600–3750 4 4 3200 (555.3) 5 2210 (609.0)
2900–3000 4.5 1 3000 1 2900
2400–3900 5 1 3900 4 3150 580.2)
3050–3850 5.5 2 3650 (283.0) 2 3450 (566.0)
3000–4000 6 2 3975 (35.4) 5 3160 (220.0)
2800–4300 6.5 1 4200 4 3250 (714.1)
3050–4650 7 5 3992 (564.0) 1 3050
4270 7.5 1 4270 0

Female Male 4 males
22 23 2 females
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However, statistically significant positive correlations 
were observed between age and haemoglobin, lymphocyte 
percentage, lymphocyte count, serum pH, CK, and throm-
bocytes, and a positive trend between age and sodium. A 
positive trend for age and sodium has also been observed 
in five species of nocturnal raptors (Agusti Montolio 
et al. 2018). Statistically significant negative correlations 
between age and heterophil percentage, heterophil count, 
LDH, and globulin were observed. Again, the negative cor-
relation between age and globulin has been reported by 
Agusti Montolio et al. (2018) for five species of owl, likely 
reflecting the maturation of the immune system in grow-
ing individuals. The higher levels of haemoglobin and CK 
towards fledging age can be explained by increasing mus-
cle usage. This muscle usage requires more oxygen, and 
thus haemoglobin, resulting in cellular disruption to the 
untrained muscles, potentially increasing CK (Knuth and 
Chaplin 1994; Cornell et al. 2017). The positive associa-
tion in haemoglobin levels with age has been previously 
recorded for long-lived avian species and haemoglobin 
concentration has been suggested as a strong indicator of 
physiological condition related to habitat quality, parasit-
ism, moult, and breeding state (Bańbura et al. 2007; Minias 
2015), as well as a useful indicative of fledging time due 

to its constant concentration in avian blood (Bańbura et al. 
2007).

A decrease in LDH with age found in this study, seem-
ingly connected with the eminent fledging, has been 
observed in pre-migrating birds, where low LDH levels seem 
to increase the glycolytic capacity in the muscles, in prepa-
ration for the coming endeavour (Banerjee and Chaturvedi 
2016). The likely increase in food competition between sib-
lings may contribute to increased levels of stress and might 
be the reason behind the observed increase in lymphocytes 
and reduction in heterophils (Moreno et al. 2016). No cor-
relation was observed between PCV and age in this study 
and the mean for the same value was lower for individuals 
in this study than that reported for adult golden eagles (0.395 
L/L vs 0.421 L/L) (Polo et al. 1992; Hollamby et al. 2004).

Recognising a 15.3% shift of the mean of the ranges 
between nestlings and adults could help identify a poten-
tial nutritional problem across a population, which could 
be missed if one single range is used for all cohorts in the 
population. This provides further evidence that reference 
intervals for adult individuals may not be applicable for use 
on individuals below 7.5 weeks of age, despite their grown 
appearance and early resemblance to the adult of the spe-
cies. The rapid growth and weight increase in golden eagle 

Table 3   The effects of age, 
sex, body condition, and twin 
presence in nest recorded 
in nestling golden eagles 
(Aquila chrysaetos) were 
measured on the different blood 
values examined. This table 
summarises the correlations 
found between 11 blood values 
and age; the associations 
found between sex and packed 
cell volume (PCV); and the 
associations found between 
body condition and two blood 
parameters

CK creatine kinase, T protein total protein, LDH lactate dehydrogenase, PCV packed cell volume, GBC 
good body condition, MBC moderate body condition

Positive age correlations
Value r value p value

Haemoglobin (g/L) 0.57  ≤ 0.001
Lymphocytes (%) 0.51  ≤ 0.001
Lymphocytes (109/L) 0.29 0.050
Serum pH 0.33 0.035
CK (U/L @ 37 °C) 0.38 0.014
Thrombocytes (109/L)  − 0.34 0.045
Heterophils (%)  − 0.33 0.025
Heterophils (109/L)  − 0.33 0.042
T protein (g/L)  − 0.29 0.064
Globulin (g/L)  − 0.29 0.056
LDH (U/L @ 37 °C)  − 0.41 0.010
Sex associations
Value Male mean Female mean p value
PCV (L/L) 0.381 0.420 0.009
Single or twin associations
Value Single mean Twin mean p value
Lymphocytes (%) 29.71 24.66 0.038
Triglycerides (mmol/L) 1.28 1.83 0.037
Positive body condition associations
Value GBC mean MBC mean p value
PCV (L/L) 0.412 0.390 0.024
Eosinophils (109/L) 2.37 1.57 0.006
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nestlings are typical of raptors and altricial birds in general, 
which are born highly dependent on parents for body warmth 
and food (Ricklefs 1984). The intensive care and food sup-
plied by the parents translates into great physical differences 
between a newly hatched nestling and a 10-week-old nestling 
that is ready to fledge.

There were no between-sex differences in metabolite or 
enzyme levels, total white cell estimates, or individual cell 
type; the only statistically significant difference was found 
for packed cell volume where the female mean PCV (0.41 
L/L) was higher than that for males (0.38 L/L). Both means 
lie within the reported range for free-ranging nestling rap-
tors (Hollamby et al. 2004; Meredith et al. 2012) and these 
findings follow the common trend observed in nature of a 
higher red cell content carried by larger veins and arteries, 
possibly explained by the reverse sexual dimorphism in rap-
tors, where females are larger (Murphy 2014).

Haematocrit or packed cell volume (PCV) is often docu-
mented as an indicator of the condition of wild birds (Saino 
et al. 1997; Ots et al. 1998). A higher PCV was observed in 
this study for birds with good body condition over that for 
birds in moderate body condition. On its own, the use of 
haematocrit or packed cell volume (PCV) as an indicator of 
body condition in wild birds can be a contentious topic due 
to the fact that there are many factors able to contribute to 
a PCV reading (Dawson and Bortolotti 1997a, b; Fair et al. 
2007) and variations in PCV values within the day can even 
be associated with fasting and feeding (García-Rodríguez 
et al. 1987). Whilst higher energy expenditure (i.e., moult-
ing, temperature regulation) or dehydration can contribute 
to higher PCV values (Hõrak et al. 1998), chronic disease or 
long-term presence of certain chemicals such as DDT can 
result in lower PCV values (Harrison and Harrison 1986). 
Whilst the difference in the mean PCV between males and 
females in this study is only 0.04, this represents 24% of the 
overall the healthy reference interval for this value; there-
fore, awareness of the differences between sexes could help 
identify population level health issues. As per any health 
assessment, an overall clinical examination, history (if avail-
able) together with a suite of blood variables should be used 
to guide a health assessment (Joseph 2006).

No differences were found for any of the blood variables 
between individuals in single and twin nests, suggesting 
the cost of rearing twins over single individuals does not 
appear to be as significant as that found for raptor spe-
cies with brood sizes of four or more individuals (Castaño 
1997; Limiñana et  al. 2009). Previous studies have 
observed differences in development throughout the nest-
ing period between individuals in a twin nest versus those 
found in a single nest, as well as between the two indi-
viduals found in a twin nest (Donazar and Ceballos 1989; 
Limiñana et al. 2009). In the same studies, differences 
observed are believed to be determined by prehatching 

constraints and/or parental investment constraints affect-
ing broods with multiple nestlings. Whilst we detected no 
evidence of differences in health between single and twin 
brood individuals, there may be health differences found 
between the first and second hatch individual in any one 
nest. However, due to the complexity and number of vari-
ables (hatch date, food provision, sex, body weight) that 
may drive such a pattern, our data of 47 individuals, where 
28 were members of a twin pair and 19 were single indi-
viduals in a nest, cannot be used to determine the validity 
of such an assertion with any statistical rigour.

The haematological and biochemical reference values 
produced by this study were obtained from the largest sam-
ple size of free-ranging golden eagles nestlings to date. 
Blood chemistry can be an indirect way to assess health; 
it transports metabolic products, nutrients, hormones, 
enzymes, and immune cells (Stein et al. 1998; Hanauska-
Brown et al. 2003), and for free-ranging individuals, when 
combined with environmental information such as habitat 
quality or environmental stressors, can provide a valu-
able tool for health assessment of individuals and their 
populations. Thus, baseline metabolite, enzyme, and blood 
cytology levels for free-ranging golden eagle nestlings will 
be of use to the veterinary and conservation management 
communities when assessing individual and population 
health of golden eagle nestlings in Scotland. The base-
line information created by this work will permit health 
monitoring of golden eagles based on variations in blood 
levels in connection to their habitat, especially important 
for a species of conservation concern. Whilst targeting 
the Scottish population, these blood reference intervals 
can be used for golden eagle nestlings outside their range 
with due considerations of geographical and environmen-
tal differences. Long-term recording of blood value values 
could allow an improved ability to study population health 
trends of the species. Currently, the feasibility of golden 
eagle population health monitoring is limited by a lack of 
baseline health data which this study remedies.
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