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A B S T R A C T

The white-tailed sea eagle (Haliaeetus albicilla) is known to be sensitive to disturbance. To better understand potential stressors, we measured corticosterone
metabolite levels in H. albicilla excreta and recorded the nest success of breeding pairs. We tested the ability of four enzyme immunoassays (EIA) to measure urinary
glucocorticoid metabolites (uGM) in the excreta of one adult female eagle subjected to a controlled physiological stress treatment. We identiﬁed corticosterone-21-HS
to be the most sensitive EIA to changes in uGM concentration. To exclude a sex bias, we conﬁrmed the assay’s applicability with samples collected from similar stress
treatments in two juvenile males. We used the identiﬁed EIA to measure uGM in wild breeding pairs and tested eﬀects of disturbance. Breeding pairs nesting closer to
roads and paths had higher uGM concentrations (p = 0.02), which is likely an eﬀect of human recreational activity and disturbance. There was no diﬀerence in uGM
concentrations between failed and successful nests. Our results highlight the potential impact of road and path proximity on white-tailed sea eagles, with potential
importance for species management and conservation, particularly with respect to nest protection zone legislation.

1. Introduction
Intensive nature conservation eﬀorts over the past century have
saved the white-tailed sea eagle (Haliaeetus albicilla) from extinction in
Germany. Eagles were legally protected in the 1920s, and the range
around the nest was deﬁned as a special protected area in the 1960s.
The ban of DDT and other pesticides in the 1970́ s enabled the sea eagle
population to grow, with an estimated 800 breeding pairs currently
active in Germany, and a predicted 1200 pairs expected by the year
2040 (Sulawa et al., 2010). The range of H. albicilla has slowly expanded to the north, west and south, with successful recolonization of
Denmark in 1996 (Ehmsen et al., 2011) and The Netherlands in 2006
(van Rijn et al., 2010). However, in regions with the highest density of
breeding pairs reproductive success has stagnated, a trend that may be
caused by intraspeciﬁc competition (Hauﬀ, 2009; Heuck et al., 2017).
One potential driver of reproductive success in white-tailed sea
eagles may be human disturbance. The white-tailed sea eagle is known
to be sensitive to human disturbance (Korsman et al., 2012), with a
well-documented case of human disturbance resulting in the reproductive failure of a breeding pair in Berlin (Altenkamp et al. 2007).
Breeding white-tailed sea eagles are territorial year-round (Krone et al.
2009, 2013) and start working on the nest as early as two to three
month before oviposition, leaving a broad window during which birds
may be aﬀected by disturbances. There is a particular need for research
to understand the eﬀects of disturbance caused by recreational
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activities (Bathe, 2007). Tourism numbers have increased in some of
the core breeding areas of H. albicilla (e.g., Mecklenburg Lake Plateau,
Baltic Sea coast and islands; Statistisches Jahrbuch, 2017). These
changes may lead to increased disturbance and negative eﬀects on H.
albicilla breeding pairs.
Birds and other vertebrates respond to unexpected physical or social
changes in their environment with a rapid elevation of plasma corticosterone levels. Corticosterone mediates facultative behavioural and
physiological responses of the organism to unpredictable events and
allows the individual to cope with unexpected change (Wingﬁeld et al.,
1998). Within a narrow range, organisms can adjust to predictable
environmental stimuli to maintain their homeostasis, but unpredictable
or uncontrollable environmental stressors may disturb this status and
cause stress (Hofer and East, 2012). Environmental stressors are often
divided into natural (e.g. resource availability, predators, diseases) and
anthropogenic eﬀects (e.g. habitat change, human structures, recreational activities, etc.). The magnitude of a stress reaction in organisms
can vary between (Wingﬁeld et al., 1992), but also within species (e.g.
Elliott et al., 2014; Kelm et al., 2016; Peel et al., 2005; Scheun et al.,
2018).
Measuring glucocorticoids is a useful tool to evaluate eﬀects of
disturbance on wild birds, such as timber harvesting (Wasser et al.,
1997), ecotourism (Müllner et al., 2004) or recreational activities like
winter sports (Thiel et al., 2008). Glucocorticoid assays have been
found to be eﬀective indicators of stress, consistently showing elevation
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proximity and nest success on urinary glucocorticoid metabolite (uGM)
concentrations. Due to the documented sensitivity of white-tailed sea
eagles, we predicted that breeding pairs with nests closer to roads and
paths should show higher levels of uGM.

in adrenal activity after times of presumed physiological or psychosocial stress.
Typically, corticosteroids are measured in blood plasma (Müllner
et al., 2004, Walker et al., 2006); however, this method requires animals to be caught and handled, followed by invasive blood collection,
which can result in increases of glucocorticoid levels. Additionally,
individual levels of blood glucocorticoid at a given time point are inﬂuenced by circadian variations and pulsative glucocorticoid secretion
(Millspaugh and Washburn, 2004; Touma and Palme, 2005; Romero
and Reed, 2005).
Non-invasive methods, such as measuring steroid metabolites in
excreta (faeces and urine), feathers and hair have been developed for
many species (Bortolotti et al., 2009; Sheriﬀ et al. 2011; Will et al.
2014; Blas, 2015; Jenni-Eiermann et al., 2015; Romero and Wingﬁeld,
2016; Monclús et al., 2017). Measuring glucocorticoid metabolites in
excreta is particularly well suited for studying birds since they can
easily be collected from nesting sites during breeding. Rather than the
actual steroid concentration in blood, fecal and urine hormone metabolite analysis reﬂects the secretion, metabolism and excretion of glucocorticoids from the organism (Blas, 2015). Consequently, depending
on the research question, steroid metabolite concentrations measured
in feces and urine might represent the hormonal status of an animal
more accurately over a longer time frame than a single plasma sample
since it will represent an average concentration of glucocorticoids
produced, metabolised and excreted during the hours since last defecation (Keay et al., 2006; Romero and Wingﬁeld, 2016). The expected
intestinal passage time, is 10–24 h in most mammal species, but might
be shorter in birds (Palme et al., 2005).
In contrast to blood, glucocorticoid metabolites in excreta mainly
consist of hormone metabolites (Palme, 2005), while cortisol and corticosterone are barely detectable. Steroid metabolism by the liver as
well as microbial impact during the intestinal passage, and re-absorption into enterohepatic circulation generates a vast number of steroid
metabolites in excreta. As a consequence, a multitude of diﬀerent metabolites may be excreted in a given species (Möstl et al., 2005), although these metabolites may diﬀer markedly between even closely
related species (Heistermann et al., 2006; Palme et al., 1996; Young
et al. 2004).
Metabolites in urine and particularly in feces represent metabolic
products of the native hormones as a result of a series of chemical
changes before their elimination from the body. The nature and extent
of these metabolic processes can diﬀer substantially between species,
resulting in the presence of a vast number of diﬀerent metabolites of the
same parent hormone. This has been shown in primates (Bahr et al.,
2000; Möhle et al. 2002). Based on these species variations, great care
must be taken when applying endocrine measurements from excreta to
a new species since extrapolation of ﬁndings from one species to another can be misleading (Schwarzenberger, 2007). However, it is advisable to perform a species-speciﬁc validation for excreted glucocorticoid metabolites before measurements can be utilized (Touma and
Palme, 2005; Wasser et al., 2000). The aim of the comparison is to
select the one that shows the largest expressed diﬀerences between
basal and peak concentrations under controlled conditions, and therefore shows the best signal-to-noise ratio. This applies to fecal (Dehnhard
et al., 2003; Goymann et al., 2002; P. Legagneux et al., 2011) as well as
to urinary glucocorticoid metabolites.

2. Material and methods
2.1. Study area and sample collection
H. albicilla nests were monitored in sites across Germany from 2003
to 2012. Monitored nests were classiﬁed as being at either high or low
breeding density based on classiﬁcation by Herrmann (2018). Nossentiner/Schwinzer Heide (NSH) and nature park island Usedom (IU) were
classiﬁed as high density areas (> 2 pairs/121 km2). All nests sampled
outside these two areas were at low densities (1 pair/121 km2). Low
density areas were located in the federal states of Brandenburg,
Schleswig-Holstein, Thuringia, and Lower Saxony. All these areas are
hereafter simply termed ‘low density area’ (LDA). At 6–8 weeks post
hatching, the number of nestlings in each nest was counted and all
surviving nestlings were ringed.
At IU, we measured glucocorticoid metabolites concentrations in
urine samples of H. albicilla collected under nesting trees and the distance of nesting trees to the nearest road/path. In birds, excreta typically consist of a fecal (brown) and a urinary (white) part that can be
diﬃcult to separate in some species, in birds of prey the fractions can
easily be distinguished. Some researchers prefer to select the fecal part
for analysis (Kotrschal et al., 1988; Dehnhard et al., 2003) whereas
others take the whole (mixed) sample (Goymann et al., 2002; Albano
et al., 2015; Fletcher et al., 2018; Jepsen et al., 2019) expecting that a
proper separation is impossible because urine and fecal parts are already mixed inside the cloaca. In the wild, we were not able to detect
fresh fecal samples and therefore collected the white (urinary) fraction
only. Therefore, we focus speciﬁcally on the urinary fraction of excreta
and measure urinary glucocorticoid metabolites (uGM). To the best of
our knowledge, a study speciﬁcally analysing uGM in a bird species has
not been conducted so far. Evidence from chicken excreta following a
radiometabolism study demonstrated equal proportions of radiolabelled metabolites excreted in urine and feces (Rettenbacher et al.,
2004), suggesting that concentrations of glucocorticoid metabolites in
urine and feces are likely to be comparable.
Excreta were collected at the same time that nestlings were counted
and ringed (i.e. 6 – 8 weeks post hatching). At 6–8 weeks, parents spend
limited time sitting at the nest due to chick aggression (Willgohs, 1961).
Therefore, we expected excreta collected from the nest to be almost
exclusively from nestlings. In cases where we were able to identify the
resting tree of the adult birds, supplementary excreta samples were also
collected at this site. Where possible, samples of fresh excreta were still
collected from nests when nestlings were no longer present.
Pooled samples, consisting of 5–10 single urine samples, were collected within a radius of three meters below each nest site in plastic
bags. Sampling from soil was avoided and only dry samples on vegetation (mainly leaves) were used. All samples were temporarily kept at
ambient temperature during transport after which they were stored at
−20 °C at the Leibniz Institute for Zoo and Wildlife Research (IZW). All
urine samples were stored within 8–10 h of collection. As we could not
determine the exact age of urine samples, we limited our collection to
dry, but fresh, clear white samples. Liquid urine usually dries within a
few hours, leaving it bright white with spots of dry matter. With aging,
there is a gradual fading of the colour from bright white, to dull white
and then grey-yellowish white. Old urine is usually washed away by
periods of rain every one to two weeks; therefore, we assumed all urine
samples were less than one to two weeks old. With this method we
aimed to minimize the inclusion of older samples that might have been
subject to microbial degradation or water loss and thus possible
changes in uGM concentration. We also conducted a lab experiment to
explicitly test eﬀects of sample age on uGM concentration (see below).

1.1. Project objectives
The aim of the present study was to test the potential eﬀect of anthropogenic structures (roads and forest paths) on stress levels in whitetailed sea eagles, using long-term monitoring in north-eastern Germany.
We validated the suitability of diﬀerent in-house enzyme immunoassays
(EIA) that have been designed to measure corticosterone metabolites in
the excreta of various species (see Dehnhard et al., 2003). We then
applied the most eﬀective EIA to investigate the impact of road
2
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subsequent analyses. Inter-assay and intra-assay coeﬃcients of variation for two biological samples were 19.6% (n = 18) and 12.7%
(n = 26), respectively.
To exclude a sex bias, physiological validations were carried out
applying the corticosterone-21-HS-BSA assay to samples collected from
ACTH challenges performed in two juvenile males in 2010 and 2012.
The two juvenile males suﬀered from a pinching oﬀ syndrome characterised by feather abnormalities which rendered the birds unable to
ﬂy (Müller et al., 2007). The ACTH challenge and sample collection was
applied in the same way as described above for the adult female. Following the ACTH challenge both young males were euthanized as their
release into the wild would have been senseless particularly due to the
pinching oﬀ syndrome of both birds.
All procedures were performed in accordance with the requirements
of the Leibniz Institute for Zoo and Wildlife Research Ethics Committee
on Animal Welfare.
The experiment was approved by the federal state of Berlin under
LaGeSo G 0315/12.

We collected data on the number of nestlings in a total of 214 H.
albicilla nests between 2003 and 2012 in NSH (42), IU (1 0 3), and LDA
(69). In 52 of the nests located on IU we also measured uGM and distance to the nearest road/path to test potential eﬀects of human disturbance. At 12 of the nests from IU, samples were also taken below
adult perches to quantify uGM levels of breeding adults, giving a total
of 64 samples where both uGM and road/path distance was known.
2.2. Sample processing
From the urinary portions collected in the ﬁeld 0.05 or 0.1 g (depending on the available amount) were extracted for 30 min with 0.9 ml
of 90% methanol. After centrifugation (15 min at 3000 × g) the supernatant was transferred into a new tube and diluted 1:1 with water,
and aliquot portions of 20 µl were subjected to the EIAs for uGM in
excreta. All hormone measurements were conducted in duplicates. As
dry weight usually refers to lyophilized or oven dried excreta
(Scheun,et al., 2018) our results are expressed as ng/g urinary wet
weight (ww).

2.4. Stability of urinary glucocorticoid metabolites at ambient temperature
2.3. Enzyme immunoassay testing
The concentration of uGM might change over time when samples
cannot be kept frozen at −20 °C immediately after defecation. Changes
in uGM with sample aging may potentially occur through both bacterial
degradation of glucocorticoid metabolites (which may decrease uGM
concentration) and water loss (which would increase uGM concentration). To investigate this possibility, 5 fresh, dry urine samples from
each of the two ACTH challenges were stored in the lab in open Petri
dishes at ~ 20 °C allowing for both water loss and bacterial degradation. Aliquots were removed at 3, 6 and 9 days to simulate sample aging
in the ﬁeld. These samples were stored at −20 °C until assayed.

Before analysing samples from the wild we tested four in-house EIAs
(Ludwig et al., 2013) on samples from a ﬁve year old (adult) female sea
eagle that underwent an adrenocorticotropin hormone (ACTH) challenge test (Touma and Palme, 2005). Using this method we could
identify the EIA that was most sensitive to changes in glucocorticoid
excretion. A single individual was used as we expected the most sensitive EIA to be applicable for all individuals of the species. The adult
female was maintained in a rehabilitation centre, transferred to the IZW
the day prior to the ACTH challenge, and returned to the rehabilitation
centre the day following the trial. During the challenge, the sea eagle
was maintained in a cage with an inner size of 174 × 94 × 70 cm (type
18.107T, manufacturer Schlievet, Holzkirchen, Germany). The interior
of the cage was covered by plastic to facilitate the sampling of excreta.
The bird was fed 300 g of ﬁsh at the beginning of the experiment and
12 h into the trial. Water was available ad libitum.
Synthetic ACTH (Synacthen depot, 100 I.E., Sigma-Tau
Farmaceutliche Riunite SpA, Pomezia, Italy) was injected into the
pectoral muscle of the bird (100 I.E. in 1 ml/bird). Dosage was calculated based on the body weight of the birds following concentrations
given by Wilson and Holberton (2001). Urine samples were collected
from 18 h before to 27 h after ACTH injection, with the cage checked
every 30 min. Samples were stored in plastic bags at −20 °C until further analysis.
The methanol extracted samples from the ACTH challenge in the
adult female were analysed with the four EIAs (Table 1). The antibodies
of all EIAs were polyclonal and raised in rabbits against the corresponding 21-HS- and 3-CMO-steroids coupled with bovine serum albumin (BSA). The corresponding 21-HS- and 3-CMO-peroxidases were
used as label for the EIAs. Microtitre plates were prepared as described
earlier (Finkenwirth et al., 2009). Duplicates of 20 µl urine extract or
glucocorticoid standard prepared in 40% methanol ranging from 0.2 to
100 pg/20 µl were then simultaneously pipetted into respective wells
along with 100 μl of the respective label and 100 μl of the respective
antibody and incubated overnight at 4 °C. After washing the microtitre
plates 4-times with washing solution, 150 μl of substrate solution was
added to each well. Following incubation for 40 min in the dark, the
color reaction was stopped by adding 50 μl of 4 N sulfuric acid and then
the optical density was determined with a microtitre plate reader (Inﬁnite M200, Tecan) at 450 nm. Hormone concentrations were calculated using Magellan software V 7.0 (Tecan, 2008). Antibody cross-reactivities were calculated with diﬀerent steroids (Table 1). The
corticosterone assay based on the antibody directed against corticosterone-21-HS-BSA was most sensitive to changes in urine glucocorticoid
concentrations after the ACTH challenge and was used for all

2.5. Statistical analyses
All statistical analyses of wild birds was conducted in R (v. 3.5.1; R
Core Team, 2018), with the package lme4 (Douglas Bates, Martin
Maechler, Ben Bolker, Steve Walker (2015). Fitting Linear Mixed-Effects Models Using lme4. Journal of Statistical Software, 67(1), 1-48.
doi: https://doi.org//10.18637/jss.v067.i01).
Firstly, we tested whether reproductive success diﬀered between
our low and high density areas to reconﬁrm observations by Hauﬀ
(2009) and Heuck et al. (2017) of reduced reproductive success at high
densities. We used nest success (whether a nest produced nestlings) as a
measure of reproductive success in H. albicilla breeding pairs. We followed Steenhof and Newton (2007) who recommended that nests of
birds of prey can be considered successful if at least one nestling has
reached 80% of the average age at ﬁrst ﬂight. Mortality after this age
until ﬁrst ﬂight is usually minimal. Nests were classiﬁed as either failed
(0 nestlings) or successful (≥1 nestling). We then ﬁtted a generalised
linear mixed eﬀects model with a binomial distribution (logit link). We
included a random intercept term for year to account for stochasticity
in nest success between years, which was assumed to follow a Gaussian
distribution. We included a categorical ﬁxed eﬀects term for study area
to test for diﬀerences in nest success between areas. This analysis used
all nests where nestling numbers were recorded (n = 214). Statistical
signiﬁcance of study area (alpha = 0.05) was determined using a
likelihood ratio test. A post-hoc Tukey's test was used to identify signiﬁcant diﬀerences between individual areas, using the Wald Z-statistic
and p-value adjustments with the Holm-Bonferroni method.
We next tested for the eﬀect of human disturbance on the uGM
concentration of H. albicilla using data collected at IU. We ﬁtted a
general linear mixed eﬀects model with a Gaussian error distribution.
uGM was transformed using a Box-Cox power transformation
(λ = 0.18) to ensure model residuals followed a Gaussian distribution
and demonstrated homogeneity of variance. We included a random
intercept term for year to account for stochasticity between years. We
3
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Table 1
. Summary of cross-reactivities (%, previously determined in the lab of the authors) between the four polyclonal antibodies used in the EIAs (i.e. raised against 21-HSand 3-CMO-corticosterone and cortisol) and other relevant steroids, including native (unconjugated) cortisol and corticosterone.
EIAsAntibody directed against

Cortisol-21-HS1

Cortisol-3-CMO2

Corticostero-ne-3-CMO3

Corticostero-ne-21-HS4

4-pregnen-11α,17,21-triol-3,20-dione (cortisol)
5α-pregnan-11β,17,21-triol-3,20-dione (5α-dihydrocortisol)
5β-pregnan-11β,17,21-triol-3,20-dione (5β-dihydrocortisol)
5α-pregnan-3α,11β,17,21-tetrol-20-one (5α-tetrahydrocortisol)
5β-pregnan-3α,11β,17,21-tetrol-20-one (5β-tetrahydrocortisol)
5α-pregnan-3β,11β,17,21-tetrol-20-one (3β,5α-tetrahydrocortisol)
4-pregnen-11β,21-diol-3,20-dione (corticosterone)
4-pregnen-21-ol-3,20-dione (desoxycorticosterone)
4-pregnen-3,20-dione (progesterone)
5α-pregnane-3,20-dione
5α-pregnane-3β-ol-20-one
estradiol
testosterone
dihydrotestosterone

100

100
3.2
< 0.1
< 0.1
< 0.1
8.4
6.3
< 0.1
< 0.1
< 0.1
< 0.1
< 0.1
< 0.1

< 0.1
< 0.1
< 0.1
< 0.1
< 0.1
< 0.1
100
9.0
2.0

13.4

1
2
3
4

First
First
First
First

described
described
described
described

in
in
in
in

13.2
< 0.1

100
24.4
21.8

< 0.1
< 0.1
< 0.1
< 0.1

Voigt et al. (2004).
Benhaiem et al. (2012).
Ludwig et al. (2013).
Dehnhard et al. (2003).
4500

included a further random intercept term for territory to account for
non-independence between urine samples taken from the same territory. Our model included a continuous measure of distance to the
nearest road/path (meters), a categorical term for sample source (i.e.
adult perch or nest), and a term for nest success (whether nestlings were
present at 6 – 8 weeks). Data from one territory was classiﬁed as an
outlier in this analysis as it had a substantial impact on model estimates. The inclusion of data from this territory caused a 400-fold
change in the coeﬃcient of road distance. This particular territory was
considered biologically unusual compared to all other sampled territories because it was in an unusual nest location in a single tree within a
cattle fence leaving it highly exposed (visible at a distance of 470 m).
Therefore, data from this territory was removed from our analysis. We
collected 64 uGM measurements from nests where the distance to the
nearest road/path was known (52 from nestlings, 12 from adults). Of
these, 3 records were removed due to their unusual nest location (described above) and 3 additional records were excluded in cases where
nest success was unknown. Therefore, our ﬁnal analysis used a sample
size of 58 (46 from nestlings, 12 from adults). Statistical signiﬁcance
(alpha = 0.05) of all model terms in the linear mixed eﬀects model was
calculated using the Kenward-Roger method for estimation of the degrees of freedom and t-statistic.

Cortisol-21-HS

4000

uGM( ng/g ww)

3500
3000
2500

Cortisol-3CMO
Corticosteron
e-21-HS
Corticosteron
e-3-CMO

2000
1500
1000
500
0
-26-24-22-20-18-16-14-12-10 -8 -6 -4 -2 0 2 4 6 8 10 12 14 16 18 20 22 24
hour

Fig. 1. Changes in urinary glucocorticoid metabolite (uGM) concentrations in
wet weight (ww) during an ACTH challenge experiments in one adult female
sea eagle as measured with four diﬀerent antibodies against cortisol and corticosterone. Hour 0 indicates time of application of the adrenocorticotropic
hormone (ACTH).

this assay suitable for adrenocortical monitoring in the sea eagle.
However, the highest corticosteroid metabolite concentrations were
obtained when an assay based on an antibody against corticosterone21-HS was utilized. Peak levels of 4150 ng/g ww were reached 7.5 h
after ACTH injection corresponding to a 9.2-fold increase from pretreatment baseline (450 ng/g ww). Even if this assay showed a lower
ratio of peak vs pre-treatment level compared to the corticosterone-3CMO assay, we considered the corticosterone-21-HS assay to be more
sensitive, which would allow more reliable conclusions in the case of
subtle changes in adrenocortical activity. Therefore, corticosterone-21HS was used for all subsequent analyses.
To exclude a possible sex bias in corticosterone metabolism and to
prove the assay’s applicability for both sexes two additional ACTH
challenges were conducted with two juvenile males and their urine
samples were analyzed applying the corticosterone-21-HS-BSA (Fig. 2).
In all three individuals of both sexes (1 ad. female, 2 juv. males) we
detected an increase in uGM after ACTH administration (i.e. hour 0 in
Figs. 1 and 2) with a peak between 6 and 8 h followed by a decline to
baseline levels, although there was variability between the individuals
in baseline concentrations, peak values, and return to baseline. These
results conﬁrmed the reliability of the corticosterone-21-HS-BSA assay
as an indicator of adrenocortical activity in both male and female white
tailed sea eagles.

3. Results
3.1. Comparison of enzyme immunoassays
The comparison of EIAs revealed substantial quantitative diﬀerences between assays. In general, higher quantities were measured with
corticosterone than with cortisol EIAs. The lowest quantities of glucocorticoid metabolite concentrations were measured with the cortisol-3CMO EIA in samples collected during the ACTH challenge in the adult
female. Baseline concentrations of the cortisol-3-CMO assay before and
after the ACTH challenge were close to the detection limit, which
prevent additional dilution steps (Fig. 1). Therefore this assay was not
considered for further analyses.
As an alternative to cortisol-3-CMO, an assay based on an antibody
against cortisol-21-HS was applied. This assay revealed peak (maximum) levels of 1490 ng/g corresponding to a 5-fold increase after 7.5 h
when compared to pretreatment levels (300 ng/g ww, Fig. 1). A more
distinct increase was also obtained when applying an assay based on an
antibody against corticosterone-3-CMO. Here corticosterone metabolite
concentrations increased from pre-treatment levels of 48 ng/g ww to
peak levels of 1970 ng/ng 5.5 h following ACTH application making
4
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5000

male 1

4500

male 2

4000

uGM (ng/g ww)

3500
3000

2500
2000
1500
1000
500
0
-20-18-16-14-12-10 -8 -6 -4 -2 0 2 4 6 8 10 12 14 16 18 20 22 24 26
hour

Fig. 2. Changes in uGM concentrations in wet weight (ww) during ACTH
challenge experiments in two juvenile males measured with an antibody directed against corticosterone-21-HS. Hour 0 indicates time of application of the
adrenocorticotropic hormone (ACTH).

Fig. 3. Variation in H. albicilla nest success between three diﬀerent study areas
(High density areas at Island of Usedom (IU) and Nossentiner/Schwinzer Heide
(NSH) and low-density areas in Brandenburg, Schleswig-Holstein, Thuringia,
and Lower Saxony (LDA). Nest success was higher in the low-density area than
either of the high-density areas. Figure shows mean nest success with bars representing 95% conﬁdence intervals calculated using the Wilson method.
Letters above bars show results of a post-hoc Tukey's test.

3.2. Stability of glucocorticoid metabolites at ambient temperature
To investigate the stability of the corticosterone metabolites in excreta of white-tailed sea eagles, 10 urine subsamples were exposed to
room temperature up to 9 d and subjected to corticosterone measurements. The results revealed no signiﬁcant increase or decrease of corticosterone metabolites within a 9-d storage period (Kruskal-Wallis test,
n = 90, p = 0.328), indicating that metabolite levels were stable even
at an elevated temperature for at least 9 d (Table 2) (tab. 2). Compared
with the initial concentrations (immediately frozen; 0 days), the recoveries were 127.9, 117.5, and 115.2% after 3, 6, and 9 days of storage, respectively. Recoveries were calculated in percentage with setting the mean concentration of day 0 as 100%. The overall recovery
rate was 120.2%.

Table 3
. Comparison of white-tailed sea eagle nest success (whether nestlings were
present at 6–8 weeks) between diﬀerent study areas. (High density areas at
Island of Usedom (IU) and Nossentiner/Schwinzer Heide (NSH) and low-density
areas in Brandenburg, Schleswig-Holstein, Thuringia, and Lower Saxony
(LDA)). Table shows coeﬃcient estimates from a generalised linear mixed effects model (binomial with logit link) and 95% conﬁdence intervals calculated
using parametric bootstrapping with 1,000 iterations. p-values are the result of
a post-hoc Tukey's test with Holm-Bonferonni p-value adjustments.

3.3. Variation in nest success between study areas

Areas compared

Estimate

[95% conﬁdence interval]

Z value

p

LDA - NSH
LDA - IU
IU - NSH

−1.44
−0.84
−0.60

[0.69/2.08]
[-2.38/-0.65]
[0.15/1.66]

−3.33
−2.31
1.64

0.003**
0.042*
0.102

Nest location (NSH, IU or LDA) had a signiﬁcant eﬀect on nest
success (χ2 = 12.15, df = 2, p = 0.002). A post-hoc Tukey’s test
showed that nest success of H. albicilla was signiﬁcantly higher in the
low density area (LDA) than either of the high density areas (LDA –
NSH: Z = −3.33, p = 0.003; LDA - IU: Z = −2.31, p = 0.042; Table
XX). Mean nest success was lowest in NSH (Fig. 3; Table 3).
3.4. Eﬀect of road proximity on uGM concentration
Distance of H. albicilla nests to a road or path had a signiﬁcant
Table 2
. Concentration of uGM in 10 samples at room temperature (20 °C) over the
course of nine days, measured in three day intervals. Concentrations are given
in µg/g ww.

#1
#2
#3
#4
#5
#6
#7
#8
#9
# 10
Mean (SD)
Recovery (%)

0d

3d

6d

9d

2.33
2.00
1.84
2.44
1.85
0.95
0.97
1.40
1.49
1.20
1.65 (0.53)
100.0

2.57
1.84
2.29
2.86
2.15
1.53
1.46
2.00
2.58
1.80
2.11 (0.47)
127.9

2.07
1.66
1.84
3.06
1.74
1.44
1.56
1.64
2.68
1.69
1.94 (0.53)
117.6

2.24
1.70
1.83
2.45
1.66
1.51
1.47
1.56
2.31
2.28
1.90 (0.38)
115.2

Fig. 4. Eﬀect of road/path distance (m) on H. albicilla uGM concentration.
Urine samples collected from territories further from roads showed signiﬁcantly
lower concentrations of uGM. Points show measured levels of uGM in samples.
The solid line represents predicted uGM concentrations from a general linear
mixed eﬀects model with Box-Cox transformation. Dashed lines represent the
95% predication interval.
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for corticosterone it also showed signiﬁcant cross-reactivity towards
desoxycorticosterone and progesterone (Table 1). This might explain
the higher pre-treatment and peak levels following ACTH compared to
the more speciﬁc corticosterone-3-CMO antibody. However, a radiometabolism study in chickens by Rettenbacher et al. (2004) did not
demonstrate any amounts of cortisol and corticosterone. Instead glucocorticoids were metabolised into about 10 unknown mainly more
polar compounds. Virtually congruent results were obtained in European stonechats (Saxicola torquata rubicola) (Goymann et al., 2002)
and the Japanese quail (Hirschenhauser et al., 2012). Thus, the applicability of an assay is primarily dictated by the antibody’s cross-reactivity towards commonly unknown metabolites. The polarity seen in
the cited studies suggests that conjugated metabolites such as sulfates
are part of the metabolite composition. However, an enzymatic hydrolysis did not yield higher amounts of extractable corticosterone
metabolites (Rettenbacher et al., 2004). Moreover, Hirschenhauser
et al. (2012) showed that in both the chicken and the quail neither
corticosterone nor cortisol could be detected in urinary or fecal parts of
the excreta. Thus we assume that corticosterone was not detected in H.
albicilla urine using the corticosterone-21-HS assay.
Using the corticosterone-21-HS antibody, we demonstrated a considerable diﬀerence between the two male and one female sea eagle
regarding baseline and peak levels following ACTH administration. This
is not unusual as many authors who have performed ACTH stimulations
in a larger number of animals described signiﬁcant variations between
individuals (Touma and Palme, 2005; Hadinger et al., 2015). However,
our individuals did not deviate in the time before peak levels were
reached. Testing the biological validity in both sexes might be important as results from mice revealed signiﬁcant diﬀerences between
the sexes (Touma et al., 2003). Sex diﬀerences were also observed in
tigers, where mean levels of fecal glucocorticoid metabolites were signiﬁcantly higher in females than in males (Narayan et al., 2013), and
also in birds such as the black grouse (Baltic et al., 2005), Japanese
quail (Hirschenhauser et al., 2012), European stonechats (Goymann
et al., 2002), and the domestic chicken (Rettenbacher et al., 2004).
Non-invasive stress assessment techniques, including glucocorticoid
analyses, have great potential for providing important information regarding the adrenocortical activity of free-ranging wildlife species.
However, accurate stress assessment requires samples that contain
biologically representative amounts of glucocorticoid metabolites. Nonfresh samples may not accurately reﬂect glucocorticoid concentrations
due to bacterial metabolism of glucocorticoids or water loss. To simulate the eﬀects of elevated environmental temperature conditions and
delayed collection, samples were exposed to room temperature over a
period of nine days. This treatment did not aﬀect the accuracy of corticosterone metabolite measurements in sea eagle excreta.
Corticosterone metabolite measures did not diﬀer signiﬁcantly from
pre-treatment baseline levels during 9 days storage at room temperature, suggesting that elevated temperatures and the storage have little
impact on uGM stability in our samples. The most likely explanation is
that the samples were already concentrated (dry) and no relevant water
loss occurred during the lab trial. This might also explain the lack of
bacterial degradation. This is in contrast to other studies which detected both increases (African buﬀalo: Ganswindt et al., 2012; sheep:
Lexen et al., 2008) and decreases of glucocorticoid metabolite levels in
feces stored at ambient temperature. However, other ambient factors,
especially prolonged rainfall, may also impact uGM measurements
(Washburn and Millspaugh, 2002).

Table 4
. Eﬀect of road/path distance (m), sample source (adult or nestling), and nest
success (whether nestlings were present at 6–8 weeks) on white-tailed sea eagle
urinary glucocorticoid metabolites (uGM). Table shows coeﬃcient estimates
from a general linear mixed eﬀects model and 95% conﬁdence intervals calculated using parametric bootstrapping with 1000 iterations. The response
variable was transformed using a Box-Cox power transformation
(lambda = 0.18). Parameter estimates are provided on the transformed scale.
Urine samples from nestlings taken from a successful nest (with nestlings present at 6–8 weeks) are usedas the reference category.
Variable

Estimate

[95% conﬁdence
interval]

df

t

p

Intercept
Distance
Source
Nest success

7.36
−0.01
0.56
0.15

[5.78/9.07]
[−0.02/−0.002]
[−0.69/1.72]
[−1.22/1.33]

30.88
24.89
45.81
49.54

9.16
−2.34
0.90
0.23

< 0.001**
0.03*
0.37
0.82

negative eﬀect on uGM concentration (t = 2.34, df = 24.88, p = 0.03;
Fig. 4). uGM concentration was similar between samples taken from the
adult perch or the nest (Table S2). There was no diﬀerence in uGM
concentartion between failed and successful nests (Table 4).

4. Discussion
4.1. ACTH-Challenge and evaluation of enzyme immunoassays
We identiﬁed a corticosterone EIA (corticosterone-21-HS) as the
most suitable for measuring immunoreactive corticosterone metabolites
in urine samples of white-tailed sea eagles, following three ACTH
challenges in two male and one female. This EIA has been previously
used for sea eagles (Dehnhard et al., 2003). Our EIA is based on a
polyclonal antiserum raised in rabbits against corticosterone-21-HS,
and has been successfully used to analyze corticosterone metabolites in
excreta of domestic chickens, great cormorants (Phalacrocorax carbo),
and goshawks (Accipiter gentilis) (Dehnhard et al., 2003). Two other
EIAs with antibodies directed against the 3-CMO conjugate of corticosterone and the 21-HS conjugate of cortisol had lower baseline (preACTH challenge) and lower peak (post-ACTH challenge) concentrations, respectively, but comparable results regarding the time lag to
reach peak levels. Thus, both assays previously applied to monitor
adrenocortical activity in the cheetah (Acinonyx jubatus; Ludwig et al.,
2013) and the domestic rabbit (Oryctolagus cuniculus; Voigt et al., 2004)
may oﬀer additional options to monitor stress in the sea eagle. In
contrast, the cortisol-3-CMO assay was unsuitable for the sea eagle. The
variation in results between diﬀerent EIAs demonstrates the importance
of evaluating a range of immunoassays for each species under investigation. Similar results were shown by Albano et al. (2015) who
tested the suitability of six diﬀerent antibodies regarding their suitability to monitor adrenocortical activity in gull-billed tern chicks
(Gelochelidon nilotica). Only a cortisone EIA was useful to reveal the
physiological response of chicks after a stressful event while all the
others EIAs failed to show any signiﬁcant diﬀerence after the ACTH
injection.
The results appear to be remarkable, as it seems that our antibody is
applicable for a wider range of bird species, at least for northern
goshawks (Accipiter gentilis; Dehnhard et al., 2003) and white-tailed sea
eagles but likely for a larger range within the family Accipitridae. This
contradicts many experiences in mammal species where an assay successfully developed for one species is often inappropriate even for other
closely related species. The species-speciﬁc suitability of an immunoassay depends on the ability of the antibody, often generated
against the native steroid, to detect the relevant metabolites in excreta.
Therefore each analytical method must be validated prior to its application to a particular species (Wasser et al., 2000; Young et al., 2004).
Although our corticosterone-21-HS antibody is speciﬁcally designed

4.2. Stress factors aﬀecting uGM concentrations
Non-invasive monitoring of stress hormones is of growing interest as
a useful tool to assess disturbances that activate the hypothalamic-pituitaryadrenal (HPA) axis stress response. Blood as a matrix for stress
levels provides only a short-term picture and may be complicated by
increases in glucocorticoid levels induced by restraining and sampling
6
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pairs is found. The Nature protection law of the federal state
Mecklenburg-Western Pomerania deﬁnes protection zone I as a radius
of 100 m around the nest, in which it is prohibited to cut tillering or to
change the character of the zone. In both zone II, within a radius of 100
to 300 m from the nest, and zone I there is a ban on all agricultural,
forestry and ﬁshery activity, while hunting is prohibited from March 1st
to August 31st (NatSchAG M-V, 2010). The Nature protection law of the
federal state of Brandenburg diﬀers slightly in the regulations regarding
zone II, where it is illegal to build hunting constructions. In addition, in
zone II it is generally not permitted to hunt and to perform machine
based agricultural and forestry from February 1st to August 31st
(BbgNatSchAG, 2016). Deﬁning nest protection zones is an excellent
example of using legislation to protect endangered species, and we
would recommend that similar legislation should be considered as a
tool for bird conservation. However, while nest protection legislation
provides protection from large scale disturbance activity (e.g. forestry,
hunting), our results suggest it may not be suﬃcient in areas with intense human recreational activity. We would recommend that nest
protection legislation should be extended to recreational activity to
exclude the use of forest trails/paths within a radius of at least 100 m
around eagle’s nests. If possible oﬀ-trail activities in breeding areas of
eagles should be prohibited. Preserving undisturbed forests for breeding
eagles will become more important with increasing recreational activities in the future.

the animal. Measuring fGM/uGM concentration has an advantage over
blood sampling as it does not require the animal to be disturbed.
Glucocorticoid metabolites concentrations in feces can be closely related to blood glucocorticoid values (Sheriﬀ et al., 2010) and are frequently used in wildlife (Dickens and Romero, 2013; Dantzer et al.,
2014; Elliott et al., 2014; Heidinger et al., 2008; Kelm et al., 2016;
Schmidt et al., 2012). Additionally, assessing glucocorticoid metabolite
levels from excreta provides information over longer time periods than
blood samples (Sheriﬀ et al., 2011). The measurement of glucocorticoid
metabolites in excreta has become a valuable tool in conservation
biology and ecology to study stress load (Gladbach et al., 2011).
Mammals and birds largely diﬀer in their digestion and excretion
physiology. While excreta from the former is largely digestive, that
from the latter has a signiﬁcant urinary fraction (Shoemaker, 1972). In
the carnivorous birds of prey, which have a very eﬀective digestive and
urinary system, the excreta mainly consists of a white urinary part with
a very small digestive part. Therefore, one could expect that the signal
should be clearer and more homogeneous in birds than in mammals.
We showed that white-tailed sea eagles in low density areas had
higher nest success than eagles in high density areas, which may be an
example of density dependence in H. albicilla reproduction. Evidence
for density dependence in bird populations has been shown for a wide
range of species (Newton, 1998). For example, golden eagles (Aquila
chrysaetos) showed reduced breeding eﬀort at higher population densities (Fasce et al., 2011), while an analysis of a 25-year data set of a
bearded vulture (Gypaetus barbatus) population revealed negative
density-dependent eﬀects on productivity in Spain (Carrete et al.,
2006). For the congeneric bald eagle (H. leucocephalus) population
density aﬀected reproduction in Saskcatchewan, Canada (Mougeot
et al., 2013) and British Columbia; Canada (Elliott et al., 2011). Density
dependent eﬀects on reproduction will mean that population growth of
H. albicilla is expected to slow as populations near carrying capacity, a
prediction which was also proposed by Krüger et al. (2010) for breeding
birds in the German state of Schleswig-Holstein. Increasing frequency of
territorial intrusion and territorial ﬁghting are potentially the ﬁrst signs
of density-dependent eﬀects (Krüger et al., 2010).
Several previous studies have documented negative impacts of anthropogenic disturbance on stress levels in wild birds, such as land use
and habitat alteration (Wasser et al., 1997), capture and translocation
(Dickens et al., 2009), unregulated wildlife tourism (Ellenberg et al.,
2007), recreational winter activities (Thiel et al., 2008) and traﬃc intensity (Strasser and Heath, 2013). In our study we demonstrated that
the distance of nests to a road or path had a signiﬁcant eﬀect on uGM
levels in H. albicilla on Usedom. Tourists on Usedom mainly concentrate
at the beach of the Baltic Sea, but during adverse weather conditions,
recreational activities such as walking, hiking, and biking increases.
With more than 1 million guests per year Usedom is a tourist stronghold
in Germany (Reiseverkehrsstatistik, 2017). Roads, trails and paths
along dikes and in the forest constitute the infrastructure for tourists to
explore the area and are used for recreational activities. The use of
these trails may act as a source of anthropogenic disturbance, with
breeding birds becoming more stressed when tourists come close to the
nest. This seems to be supported by the negative relationship we observed between uGM and road distance. Repeated disturbances might
cause adult birds to ﬂush from the nest, abandon the nest, reduce
feeding and guarding of the chicks, and may even lead to the death of
oﬀspring (Altenkamp et al., 2007). Forest paths on Usedom have been
constructed as a 300 × 300 m grid in many parts of the forest. This may
limit the opportunities for breeding birds to build nests in undisturbed
locations.
Along with the total protection of the species in the 1920 s and the
ban of DDT and PCBs, the implementation of nest protection zones in
legislation has helped to facilitate the recovery of the white-tailed sea
eagle in Germany. Nest protection zones are legislated in two German
states (Mecklenburg-Western Pomerania and Brandenburg), where the
highest density and total number of white-tailed sea eagle breeding
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