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Ambient  temperature  and  air pressure  are  relevant  stimuli  that  can  elicit  hormonal  responses  in align-
ment  with  adjusting  individuals’  physiology  and  behaviour.  This  study  investigated  possible  changes  in
corticosterone  (C) and  testosterone  (T) and  contingencies  with  behaviour  in response  to ambient  tem-
perature  and  air  pressure,  and  it evaluated  the  temporal  response  dynamics  of  these  hormones  in 12
individual  Greylag  geese  (Anser  anser)  over  26 and  12  individual  Northern  bald  ibis (Geronticus  eremita)
over  27  days,  during  late winter.  Immunoreactive  metabolites  of C and  T were  analysed  non-invasively
from  626 fecal  samples  by means  of  group-specific  antibodies  and  correlated  to  behaviour  and  weather
ir temperature
nzyme-immunoassay
reylag goose
ypothalamic-pituitary-adrenal axis
orthern bald ibis

factors.  In  both  species,  high  C levels  correlated  with  low  temperatures  24  h  before  sampling,  but  low  C
levels correlated  with  high  air pressure  6–12  h  before  sampling.  In both  species,  C levels  and  behavioural
activity  were  negatively  correlated.  In  addition,  temperature  had  a positive  influence  on T  levels  in  both
species  12–24  h  before  sampling.  The  fact  that weather  conditions  influenced  changes  in levels  of  C,  while
social  interactions  did not, is indicative  of a general  mechanism  of  graduated  physiological  adjustment
to  environmental  variations  affecting  metabolism,  stress  responses  and  behaviour.
. Introduction

Individuals must be able to cope with the daily and annual vari-
bility of light regimes, temperature or air pressure (Jacobs, 1996).
ome of the factors, such as season or light regime are predictable,
ndividuals can adapt their circannual morphology, physiology or
ehaviour in anticipation of those changes. Other factors, however,
uch as temperature and air pressure, are less predictable from day
o day (Wingfield and Kitaysky, 2002; Wingfield and Ramenofsky,
999). In a previous study, Frigerio et al. (2004) showed a neg-
tive correlation in early winter between corticosterone (C) and
ow temperatures in male Greylag geese the night before and a
ositive correlation with low air pressure the previous afternoon.
enerally these relationships could reflect the involvement of C in
hermoregulation and of air pressure as a parameter used by the
eese to predict the weather prior to reproduction and migration.
herefore, in this study we aim to evaluate whether and how air
ressure and temperature relate to the fine-tuning of behaviour, C

∗ Corresponding author. Tel.: +43 664 2226490; fax: +43 7616 85104.
E-mail address: dornseb@hotmail.com (S. Dorn).
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376-6357/© 2014 Elsevier B.V. All rights reserved.
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and testosterone (T) metabolites as measured in the faeces of both
sexes of semi-tame Greylag geese and Northern bald ibis. To esti-
mate the reaction periods, we  measured the impact of temperature
and air pressure on C and T levels 6, 12 and 24 h prior to defecation.
In addition, we  examined possible influences of temperature, air
pressure and C and T on behavioural parameters.

A primary mechanism, called allostasis, controlled by the
hypothalamic–pituitary–adrenal axis and the production of cat-
echolamines and glucocorticoids (McEwen and Seeman, 1998a),
is used to cope with stress to respond to, and balance, unpre-
dictable environmental variations (Wingfield and Ramenofsky,
1999; Elkins, 1988). Glucocorticoids may  increase food intake,
mobilize energy reserves by increased gluconeogenesis (Whirledge
and Cidlowski, 2010), increase catabolism of fat and proteins
(Wingfield and Ramenofsky, 1997) and may  also affect the immune
system in various ways (Greenberg and Wingfield, 1987; McEwen
et al., 1997). In contrast, the production of T depends on light regime

(Fail and Whitsett, 1988; Andersson et al., 1998; Frungieri et al.,
2005), food availability, and social context (Wingfield et al., 1983;
Wingfield et al., 1992).

Fluctuations of ambient temperature and air pressure act as
external Zeitgebers (Elkins, 1988), which determine rhythms of
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hysiology and behaviour (Nelson, 1995). In birds C is one central
etabolic hormone, which is involved in maintaining body tem-

erature at low ambient temperatures (Withers, 1992; Wingfield
nd Ramenofsky, 1999).

Therefore, during winter time birds can react with higher basal
etabolic rates in combination with metabolic enzymes (Marsh,

981; Lundgren and Kiessling, 1985; Lundgren and Kiessling, 1986;
undgren, 1988; Pelsers et al., 1999; Liknes and Swanson, 2011).
n addition, C level changes can trigger spring migration (Von
olst, 1998; Elkins, 1965), reproduction and moult (Wingfield and
enagy, 1991).

Inclement weather triggers the synthesis of C, which in turn,
ay  inhibit T (in Fringilla melodia, Wingfield and Silverin, 1986;
eNardo and Sinervo, 1994b), affecting aggression (in Melospiza
elodia; Wingfield and Silverin, 1986), male sexual behaviour

nd parental care (Deviche, 1983). The antagonistic interac-
ion between C and T could be elicited by the blocking of the
onadotropin-releasing hormone (Dubey and Plant, 1985) and the
uteinizing-hormone (Connolly and Callard, 1987; Etches et al.,
984) or by the binding of glucocorticoids to corticosteroid binding
lobulin (Deviche et al., 2001). In addition, a negative influence of
he gonadotropin-inhibitory hormone on the luteinizing-hormone
n combination with prolonged stress in male rats has been
bserved (Kirby et al., 2009).

In numerous birds, during late winter and spring time the high-
st amounts of T (Hannon and Wingfield, 1990; Garamszegi et al.,
005, Romero et al., 2006), of expression of androgen receptors
Leska et al., 2012), of C (Breuner and Orchinik, 2001; Deviche et al.,
001) and of corticosteroid binding globulins (Assenmacher et al.,
975; Silverin, 1986; Romero and Wingfield, 1998; Romero et al.,
998b) have been shown.

Greylag geese (Anser anser) adapt well to broad temperature
ariations and alternating weather conditions. They are facultative
igrants depending on food availability (Lorenz, 1979; Rutschke,

982; Bluhm, 1988). Generally, the annual life phases of dif-
erent types of geese differ when responding to similar annual
ycles of hormone T and C production, which implies that this
esponse is ingrained (Dittami, 1981; Wingfield and Farner, 1980;
kesson and Raveling, 1981; Hirschenhauser et al., 1999b). In Grey-

ag geese, T increases consistently from December to March to
repare courtship and mating (Hirschenhauser et al., 1999a,b). C
egins to rise in February and remains elevated in March during
ourtship. During winter, geese show moderate levels of C and

 (Hirschenhauser et al., 1999b). Blokpoel (1978) and Richardson
1978) showed a linkage between C levels and migration behaviour
n snow geese (Anser caerulescens). This linkage, plus the findings
hat C levels are dependent on air pressure and temperature in male
reylag geese (Frigerio et al., 2004) during early winter, may  hint
t a generalized gradual reaction mechanism that adjusts physiol-
gy and behaviour patterns to environmental variations. Thus, for
eese we expected that during late winter low temperature and
igher air pressure would increase C in combination with decreased
ehavioural activity e.g., more standing and lying, less walking,
eeding or preening.

In contrast, the other study species, Northern bald ibis (Geron-
icus eremita), is a member of the ibis family and hence, of
ropical origin. Generally this would mean that the ibis’ physiol-
gy is sensitive to cold temperatures. Similar to geese, ibis may
djust migration and reproductive behaviour in the spring and
all depending on ambient weather conditions and food availabil-
ty (Del Hojo et al., 1992). In our study, focal birds faced winter,
ith cold environmental conditions, which should lead to phys-
ological and behavioural reactions. As in other birds of tropical
rigin, T values are quite low in Northern bald ibis throughout the
ear, but the levels increase prior to mating (Sorato and Kotrschal,
006; Heath et al., 2003; Garamszegi et al., 2005). C decreases
esses 108 (2014) 27–35

moderately from January to February, increasing again during mat-
ing time (Sorato and Kotrschal, 2006). No correlation between
excreted C levels and previous night temperatures was  found. A
study of Fritz et al. (2006) showed that C levels in Northern bald
ibis increase before migration, driving physiological adaptation in
preparation for migration. This fact indicates that during winter-
time the ibis’ C and related activity levels fluctuate in response to
ambient weather conditions. Thus, we  expected that similar as in
geese, decreased behavioural activity would accompany elevated
C levels also in ibis. Since the ibis family is of tropical origin, we
also expected a greater C response and more passive behaviour
and possibly, a different timing of such a response, as compared to
geese.

In addition, we  expected higher levels of T in geese as com-
pared to ibis, which, as other colonial species of tropical origin,
should excrete lower T levels and similar amounts of T in males
and females. This assumption bases on studies in American white
ibis (Eudocimus albus, Heath et al., 2003) and other tropical species
(Levin and Wingfield, 1992; Lormee et al., 2000), living in colonies.
We did not expect a distinct antagonistic effect of increased C
on T levels, because this has only been observed when inclement
weather produces chronically high C for days (DeNardo and Licht,
1993; Deviche, 1983).

2. Materials and methods

2.1. Study animals

2.1.1. Anser anser
We focused on six male and six females in stable pair bonds

with a wide range of ages (MW  ± SD: 6.08 ± 4.06 year of age) which
were part of a free-ranging, nonmigratory flock of Greylag geese,
introduced into the Upper Austrian valley of the river Alm by Kon-
rad Lorenz in 1973 (Lorenz, 1988). All study animals could be
identified by specified colored rings on their legs. Geese are habitu-
ated to human presence and do not significantly change heart rate
when familiar humans approach (Wascher et al., 2011). The flock
is subject to natural selection (Hemetsberger, 2002) and is supple-
mented with food twice per day. From October to February, geese
form a homogenous flock of around 160 individuals, consisting
of families, couples and singletons. Geese are long-term monog-
amous and socially complex (Kotrschal et al., 2010; Lorenz, 1988;
Rutschke, 1982). From December to March, geese were observed
and their behaviours were recorded on a daily basis from 0730 to
0800 and 1500 to 1600 close to the Konrad Lorenz Research Station
at the River Alm or in the Cumberland Game Park. At night the geese
roost at a Lake (Almsee), 10 km to the south.

2.1.2. Geronticus eremita
A stable, nonmigratory and free-roaming population of this crit-

ically endangered species was re-established from zoo offspring at
the Konrad Lorenz Forschungsstelle (KLF), starting in 1997. Within
the colony, males are dominant over females and older birds rank
higher than younger birds (Pegoraro, 1996; Del Hojo et al., 1992;
Cramp, 1998; Sorato and Kotrschal, 2006). Focal birds (below) were
part of a local colony of 30 individuals (Kotrschal, 2004) well habit-
uated to the presence of humans. As in geese, ibis were identified by
specified colored rings on their legs. During the daily observation
period (from 0800 to 0900 and 1600 to 1700) the animals had access

to an open aviary, which they use as a night roost but also during
the day. Only during the winter months, ibis are feed in the aviary
twice daily. In general their behaviour hardly differed from birds
living in the wild, as judged by their independent reproduction and
breeding (Tintner, 2000; Pegoraro, 1996).
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In this study, 12 individuals (4 males, 8 females) were included,
epresenting a range of age (MW± SD: 3.25 ± 0.75 years of age) and
ominance. As the colony consisted of young individuals (3 years
ld maximum), no paired individuals were available as focals.

.2. Data collection

.2.1. Behaviour
On days of fecal sampling each individual was observed twice

er day for 3 min, one hour before feeding. Feeding times were
ependent on daylight and presence of focus individuals on study
ite, resulting in a switch of around 1 h later during the 4 months
xamination period. In the case of paired geese, males and females
ere recorded at the same time. In geese, duration of behaviours
ere grouped in passive: standing, lying and head under wing

nd active: walking, swimming, flying, greeting, preening, nib-
ling, feeding, extreme head up, head up, head low and aggressive
ehaviours (Lorenz, 1988; Lambrecht, 1986). In Northern bald

bis we coded standing, ducking head and sunbathing as passive
nd walking, running, flying, picking, feeding, greeting, peck-
ng, bathing, cleaning, threatening, and beating wings as active
ehaviours (Pegoraro, 1996).

.2.2. Air pressure and temperature
The study area at the KLF is situated in an Alpine valley 550 m

bove sea level. Mean annual temperature is 7.3 ◦C, average rain-
all is at 1550 mm,  representing typical alpine pre-hibernal and
ibernal weather conditions with quickly varying temperature
nd air pressure. Air pressure and temperature were continuously
ecorded by our local weather station. Over one minute intervals
emperature and air pressure values were measured in degrees
f Celsius (◦C), respectively Pascal (Pa), by a solar-energy pow-
red weather station (TMBogner & Lehner OEG), located close to
he KLF, situated in a distance of up to 500 m to the areas were
ehaviour/faeces were sampled. Data were stored on an internal
ata logger. After being read out in weekly intervals 10 min means
f temperature and air pressure were calculated. During observa-
ion period from 5th of December 2001 to 16th of March lowest
emperature levels were measured between 2300 and 0900 and
ighest levels between 1300 and 1500. In the study of Frigerio et al.
2004; from 9th November to 14th December) lowest temperatures
ere measured between 2300 and 0100 and 1800 and 2000 and
ighest values from 0000 to 0300 and from 1100 to 1400. In con-
rast, in this study highest air pressures occurred from 2300 to 0200
nd lowest from 1300 to 1600 and 2300 to 0100. In comparison to
he study of Frigerio et al. (2004) minimum air pressure levels were
ound from 0000 to 0300 and 1200 to 1400 and maximum values
etween 2200 and 0100. Comparing the temperature values from
his study with the study of Frigerio et al. (2004), the minimum tem-
erature was −22.7 ◦C versus −16.7 ◦C, the maximum 20.9 ◦C versus
0.9 ◦C and the mean values were −6.5 ◦C versus −5.7 ◦C. Regarding
he air pressure levels in this study the minimum value was  932 Pa,
he maximum 974.3 Pa and the mean 955.4 Pa. During observation
eriod the study of Frigerio et al. (2004), the minimum air pressure
alue was measured at 930.7 Pa, the maximum at 969.8 Pa and the
ean at 952.8 Pa.

.2.3. Fecal samples
Between 5th December 2001 and 16th March 2002 in geese

n 26 and in ibis on 27 days fecal samples were collected for the
nalysis of immuno-reactive metabolites of corticosterone (C) and

estosterone (T) by enzyme-immunoassay. In detail, one sample
er individual and samples of individuals of one species were col-

ected by day. Due to weather conditions or absence of individuals
e did not manage to sample all individuals on all of these days (in

eese, nine missing samples, in ibis one missing sample). Overall,
esses 108 (2014) 27–35 29

303 fecal samples were collected in geese and 323 in ibis. All sam-
ples were collected from 0730 to 1700 immediately after defecation
and subsequently frozen at −20 ◦C within one hour of sampling as
described by Hirschenhauser (1998). Non-invasive sampling was
chosen, because animals do not need to be handled, which avoids
stress; also, hormone values of fecal samples generally co-vary
with systemic levels (Palme and Möstl, 1993; Hirschenhauser et al.,
2000; Kotrschal et al., 2000).

2.3. Assay of fecal steroids

Excreted metabolites were analyzed by enzyme immuno assay
(EIA) by use of group-specific antibodies (Möstl et al., 1987). This
method was validated for geese (Kotrschal et al., 2000); generally,
peaks of fecal metabolites appear in droppings with a time-lag of
2–4 h, (Möstl et al., 2005; Frigerio et al., 2004). Greylag geese have
a short gut passage time of 2–3 h. The gut passage time of Northern
bald ibis has not been evaluated until now, but in American white
ibis, which is closely related to Northern bald ibis and has similar
body size and food spectrum, gut passage time is 2–3 h (Adams
et al., 2009) and hence, exactly in the range of geese.

EIA was  employed for the quantitative analysis of C and T
metabolites in faeces of geese and ibis (geese: Möstl et al., 1987;
Kotrschal et al., 1998; Hirschenhauser et al., 1999b; ibis: John
Dittami, unpublished data). T metabolite levels were determined
by an existing androgen assay mainly against 4-androsten-17�-
ol-3-one (potentially androstenedione and DHEA; Hirschenhauser
et al., 1999b) and C concentrations by an assay against 11�-
hydroxyetiocholanolone (Frigerio et al., 2004). For cross-reactivity
see references above. For T metabolites, the concentration limits for
reliable measurements were between 0.05 ng/g and 99.23 ng/g in
geese and between 0.73 ng/g and 174.31 ng/g in ibis. For C metabo-
lites this range was between 1.1 ng/g and 288.7 ng/g in geese and
0.27 ng/g to 847.69 ng/g in ibis. The mean intra- and inter-assay
coefficients of variation were calculated from 10 (from one plate),
respectively 20 homogenized and pooled samples. In geese the
intra- assay coefficient was  21.4% for T and 15.1% for C. In ibis
it was  22.9% for T and 32.4% for C. In addition, the inter-assay
coefficients were 36.8% and 19.7% for T and 24.3% and 21.3% for
C in geese, respectively ibis. These values are relatively typical for
this method (Kotrschal et al., 2000; Sorato and Kotrschal, 2006). For
T the standard curves ranged from 0.33 to 80 pg/well and for C from
2.05 to 500 pg/well.

2.4. Statistics

We related behavioural parameters and hormone levels to the
minimum and maximum temperatures and air pressures 6, 12 or
24 h before sampling, because both parameters may  be used by
individual geese and ibis to predict unfavourable weather condi-
tions (Frigerio et al., 2004). In detail, we evaluated the minimum
and maximum temperatures and air pressures within time frames
of 6, 12 and 24 h before individual defecation times respectively
sampling for correlation analysis. In geese and ibis, the mean samp-
ling time points were nearly the same during observation time
(in geese: MW = 1006 ± 0205 SD; in ibis: MW = 1023 ± 0139 SD),
indicating a similar effect of weather on hormone levels. In this
study we examined the influence of temperature and air pressure
in a time period 24 h prior to sampling the droppings for hormone
analysis on behaviour and on C and T levels. Via Generalized Lin-
ear Mixed Models (GLMMs), a multivariate regression analysis, we

calculated random and fixed effects on non-normally distributed
response variables. We calculated four GLMMs with Gamma  error
distribution and log link function. Response variables were ng/g C,
ng/g T, duration of active and duration of passive behaviour. Date,
sex, age, minimum temperature, minimum air pressure, each of
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Fig. 1. Male geese and ibis excreted higher levels of C than female geese and ibis. The
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hich a measure was taken 6 h, 12 h and 24 h prior to defecation
nd behaviour (active, passive) were used in the case of the C and

 model. To account for repeated measures, individual and species
ere included as random factors. In order to select the best fit-

ing model, we used a combination of stepwise model reduction
nd the second order Akaike’s information criterion (AICc), start-
ng with all main effects and stepwise reducing the least significant
actor, which remained excluded from the model if dropping it
educed the AICc. When dropping non-significant factors did not
mprove the AICc, they were re-entered into the model. In order
o exclude species differences in the effects of weather parame-
ers on hormone excretion and behaviour, we included interactions
etween species (ibis, geese) and all fixed factors remaining in
he final model, which were all non-significant, except for passive
ehaviour. For examining a possible relation between mean hourly
emperature and mean hourly air pressure at days of behaviour and
ecal sampling, a spearman’s correlation for nonparametric data
as done. All tests were performed in SPSS 19.0.

. Results

Overall, hourly mean temperature was significantly and neg-
tively correlated with mean hourly air pressure at the sampling
ays, (Spearman’s correlation: rs = -0.6; n = 1272, P < 0.0001).

.1. Relationships of weather parameters and hormone excretion

In geese and ibis, males excreted more corticosterone (C) than
emales (F = 5.439, df1 = 1, df2 = 613, P = 0.02; Fig. 1). In males and
emales of geese and ibis high C excretion was significantly cor-
elated with low minimum temperatures in the 24 h (F = 23.243,

f1 = 1, df2 = 613, P < 0.001; Fig. 2A) before defecation. In addi-
ion, male and female geese and ibis excreted high C levels
ith high air pressure values (6 h: min: F = 9.407, df1 = 1, df2 = 613,

 = 0.02; Fig. 2B; max: F = 8.854, df1 = 1, df2 = 613, P = 0.003; Fig. 2 C;
2 h: F = 9.108, df1 = 1, df2 = 613, P = 0.003; Fig. 2D). In geese and

ig. 2. Correlations of minimum temperature, minimum and maximum air pressures with
emperature values with a time period of 24 h (A), the minimum air pressure values with

 (C) and 12 h (D) before defecation are plotted.
25th–75th percentiles. The bars mark 90–10% intervals. The continuous midlines
indicate the median and the dotted midlines the average. In both species the differ-
ence of C excretion between females and males was calculated by GLMM analysis
(Section 2.4).

ibis, excreted high testosterone (T) levels significantly corre-
lated with high minimum temperature (F = 3.975, df1 = 1, df2=
608, P = 0.047; Fig. 3A) 12 h and maximum temperature (F = 21.01,
df1 = 1, df2 = 608, P < 0.001; Fig. 3B) 24 h prior to excretion. Min-
imum temperature 24 h prior to excretion remained in the final
model although it was not significant (F = 3.547, df1 = 1, df2= 608,
P = 0.06).

3.2. Weather, hormones and behaviour
In geese and ibis, males showed significantly less active
behaviour than females (F = 4.765, df1 = 1, df2 = 610, P = 0.029;
Fig. 4), in females and males less active behaviour signifi-
cantly correlated with high C levels (F = 4.106, df1 = 1, df2 = 610,

 excreted C levels 6–24 h before in geese and ibis. The individual C and the minimum
 a time period of 6 h (B) and the maximum air pressure values with time periods of
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ig. 3. Minimum temperatures 12 and maximum temperatures 24 h correlated wi
A)  and the maximum temperature values 24 h (B) prior to defecation and the indiv

 = 0.043; Fig. 5A) and with maximum air pressure (F = 14.153,
f1 = 1, df2 = 610, P < 0.0001; Fig. 5B) 6 h prior to defecation; more
ctive behaviour correlated with minimum air pressure (F = 10.771,
f1 = 1, df2 = 610, P < 0.001; Fig. 5C) and maximum temperature
F = 28.845, df1 = 1, df2 = 610, P < 0.0001; Fig. 5D) 24 h prior to defe-
ation.

Time spent with more passive behaviour in ibis and geese sig-
ificantly correlated with maximum air pressure 12 h (F = 6.361,
f1 = 1, df2 = 620, P = 0.012; Fig. 6A) and minimum air pressure 24 h
F = 6.208, df1 = 1, df2 = 620, P = 0.013; Fig. 6B) prior to defecation.
urthermore, less passive behaviour correlated with minimum
emperature (F = 69.250, df1 = 1, df2 = 620, P < 0.0001; Fig. 6C) 24 h
rior to defecation.

.3. Hormone relations

We  found a significant interaction between T and species
nto excreted C (F = 5.686, df1 = 2, df2 = 613, P = 0.004; Fig. 7). As
xpected, excreted T significantly decreased with increasing C
etabolites in geese whereas in ibis we found no such effect.

. Discussion
In this study, we examined the influence of the environmental
actors temperature and air pressure in late winter on behaviour
nd on corticosterone (C) and testosterone (T) levels in the 24 h
eriod prior to being excreted in Greylag geese and Northern bald

ig. 4. Female geese and ibis showed more active behaviour patterns than male
eese and ibis. The graph shows comparisons of overall active behaviour of female
nd male geese and ibis during observation period plotted as box plots with 25th to
5th percentiles. The bars mark 90 to 10% intervals. The continuous midlines repre-
ent  the median and the dotted midlines the average. For the analysis of difference
f  active behaviour between females and males in both species GLMM analysis was
sed (Section 2.4).
 excretion of T metabolites in geese and ibis. The minimum temperature values 12
excreted T levels are shown.

ibis. When temperatures were low 24 h before sampling, geese and
ibis excreted high C levels. In contrast, in both species, low C lev-
els correlated with high air pressure 6–12 h before sampling. In
geese and ibis, behavioural activity was negatively correlated with
C levels and temperature 24 h prior to excretion and positively cor-
related with air pressure 6–24 h prior to excretion. In both species, T
levels correlated in a positive way with temperature values 12–24 h
before sampling.

We found low active behaviour to be correlated with high
levels of C, which may  support the maintenance of homeostasis
(Wingfield and Ramenofsky, 2011). Especially during wintertime,
when extreme environmental conditions increase the energetic
demands of thermoregulation higher levels of C can be produced,
which can lead as a consequence to lower activity to ensure
survival. Although no higher levels of feeding were observed, a
reduction of active behaviour can be associated with gain of mass
in preparation of migration (Gwinner, 1990; Klaassen and Biebach,
1994) or to outlast extreme weather conditions (Wingfield and
Ramenofsky, 1999). Behavioural activity was  positively associated
with maximum temperature of a time period of 24 h prior to defe-
cation. However, we found a negative correlation of behavioural
activity with minimum temperature 24 h before. These findings
support the assumption that enhanced C levels were connected to
low rates of active behaviour in the context of maintaining physio-
logical balance. Geese and ibis are migratory birds and temperature
essentially influences migration preparation and is involved in tim-
ing of the departure of migration. In addition, food availability is
also an important factor for triggering migration. Our study indi-
viduals are part of free-ranging, nonmigratory flocks, which show
behavioural patterns of restlessness during fall and early spring
before courtship (geese: Lorenz, 1979; Rutschke, 1982; ibis: Fritz
et al., 2006). The birds are able to stay during winter because
they are food-supplemented. Therefore, during wintertime they are
exposed to cold temperatures and are expected to react physiolog-
ically to these conditions for survival and migration preparation.

Similarly, high testosterone (T) levels can contribute to a higher
degree of fat deposition (Wingfield et al., 1990), and a stronger mus-
cle anabolism (Tonra et al., 2011; Ramenofsky and Wingfield, 2006)
may  be related to enhanced locomotory activity (Wada, 1986;
Ketterson and Nolan, 1992; Wikelski et al., 1999). In the present
study, we did not observe a co-variation of T levels with active or
passive behaviour.

Previously, Frigerio et al. (2004) showed C to correlate nega-

tively with minimum temperature during the night before in male
Greylag geese during early winter. Here, we found this effect with
a time delay of 24 h, showing that animals reacted gradually over a
time period of 24 h. This timing of birds’ C synthesis as response to
minimum temperature may  enable them the adjustment of their
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Fig. 5. C levels and minimum air pressure 24 h, maximum air pressure 6 h and maximum temperature before 24 h before influenced the frequency of active behaviour
patterns of geese and ibis. The graph shows the individual excreted C levels (A), the maximum air pressure values with a time period of 6 h (B), the minimum air pressure
values with a time period of 24 h (C), the maximum temperature values with a time period of 24 h (D) before defecation and the active behaviour of geese and ibis.

Fig. 6. Correlations of maximum air pressure 12 h, minimum air pressure 24 h and minimum temperature 24 h before defecation with produced C levels in Greylag geese
and  Northern bald ibis. The individual C levels are shown in combination with the maximum levels of air pressure 12 h, the minimum levels of air pressure 24 h and the
minimum temperature levels of 24 h prior to excretion.
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ig. 7. Excreted T levels are negatively correlated with C levels in Greylag geese.
he individual T and C levels are shown over the entire examination period.

hysiology in case of cold weather (Hofer and East, 1998; Wingfield
t al., 1983; Wingfield et al., 1997b) to ensure allostasis (McEwen,
998b) and the preparations of migration or reproduction.

Further, we found a negative relationship between C and T
n geese, but not in ibis. An inhibiting effect of C on T is well
escribed (Viau, 2002; Lynn et al., 2010). Why  we  found this effect

n geese but not in ibis remains unclear. Either geese were bet-
er able to prepare for their socio-sexual phase or migration, both
f which occurs earlier in the year than in ibis (Hirschenhauser
t al., 1999b), or geese, due to the Northern family origin, were
imply better regulators than the ibis, which come from a family
f subtropical origin. In addition, we suggest that low T could be

 hint that geese responded to exposed stressful and unfavourable
eather situations with higher energy mobilization than did the

bis.
We found positive correlations of high temperature with

xcreted T with a time delay of 12 and 24 h, possibly because high
 levels constrained T production in response to adverse condi-
ions (Silverin, 1986; DeNardo and Sinervo, 1994b; Viau, 2002;
ynn et al., 2010). In this context, high C levels support survival
nd migration preparation, also by temporary down-regulating of
on-essential behavioural and metabolic activities, including T.

In this study, we found air pressures 6–24 h prior to defeca-
ion to be negatively correlated with excretion of C metabolites
nd positively correlated with behavioural activity. High levels of

 in combination with less active behaviour could be based on
he repeated weather conditions of high air pressure with deep
emperatures during observation period (compare significant neg-
tive correlation between mean temperature and air pressure) to
ave energy and survival (Wingfield and Ramenofsky, 1999). In
ddition, air pressure can work as Zeitgeber for migration prepa-
ation and migration, as it varies very quickly within few hours
Blokpoel, 1978; Richardson, 1978, reviewed by Alerstam, 1993).
igh pressure systems can trigger movements of birds during

pring (reviewed by Alerstam, 1993; Zalakevicius, 1994; Dokter
t al., 2013). Hence, the results of this study could indicate that
he study birds are able to adjust their physiology by changing C
evels and behaviour to preceding fluctuations of temperature in
ombination with changes of air pressure for migration prepara-
ion.

Males reacted to low temperature and high air pressure 6–24 h

efore with significantly higher levels of C and a greater decrease

n active behaviour than females. In geese, this could be explained
y the fact that males excrete significant more T than females dur-

ng wintertime (Hirschenhauser et al., 1999a), requiring a higher
roduction of C to counteract serve environmental conditions. In
esses 108 (2014) 27–35 33

ibis, males and females excreted similar amounts of T, but differ-
ent amounts of C. This is in alignment with previous findings of
behavioural and hormonal similarity between sexes in this species
(Sorato and Kotrschal, 2006) and in white ibis (Heath et al., 2003).
The similar T productions of females and males could be explained
by a hypothesis of Wingfield and Farner (1993), stating small differ-
ence of T levels between sexes, due to minimal sexual dimorphism
and similar sex specific behaviours. The higher C production of
males during examination period could reflect a higher sensitive-
ness to unfavourable weather, which could be associated with their
general higher status in colony hierarchy.

In summary, the results of our study are parallel to Frigerio
et al. (2004). However, there were differences regarding the reac-
tion times of geese in the former study and geese and ibis in this
study. In Frigerio et al. (2004) C levels of male geese co-varied with
minimum temperatures in early morning and minimum air pres-
sure levels in the previous afternoon. In addition, no correlations
were observed between T levels and temperature or air pressure
values, nor between temperature and air pressure values. In con-
trast we found that minimum temperatures 12 h prior to defecation
and maximum temperature levels 24 h prior to defecation corre-
lated positively with T levels; minimum temperature 24 h prior to
defecation correlated negatively with C levels and minimum air
pressure values 6 and 12 h prior to defecation correlated positively
with C levels. These differences could be explained by different
weather conditions in the two  study periods. In the former study,
observations were conducted November to mid of December, in
contrast to December to March in our study, which was  character-
ized by lower minimum temperature and mean temperature values
during the observation time and lower values of minimum and
maximum temperatures in the overlapping period between both
studies. And finally, during late winter the animals’ energy man-
agement probably differs from early winter. This is supported by
the observed negative influence of C on T in this study in geese,
which may  be indicative of a higher demand of energy in late win-
ter than during early winter. Another difference between the two
studies became evident in the timing of animals’ physiological reac-
tion to minimum temperature and air pressure. The percentage of
minimum temperature 6 h prior to defecation shifted from 56.5%
of the former study to 47.2% of this study in comparison to 12 h
and 24 h prior to defecation, respectively, could support a minor
importance of minimum temperature of early morning on same
day in comparison to minimum temperature of morning on the
day before. Regarding the percentage of minimum air pressure in
a time frame of 24 h prior to defecation, 65.2% of the former study
was decreased to 57.4% of this study, indicating a higher relevance
of minimum air pressure 6–12 h before on C production. Sorato and
Kotrschal (2006) found no correlations between excreted C levels
and previous night temperatures in Northern bald ibis. This exami-
nation period contained the months January to April (only 4 weeks
are overlapping) and thus a big part of the mating time. Therefore,
the birds responded more with stronger C levels on social interac-
tions than on extreme weather conditions to satisfy their higher
energy demands.

In conclusion, our results show contingencies between weather
conditions, hormones and behaviour in two bird species, illus-
trating fine-tuned physiological and behavioural adjustments to
environmental variations. We  conclude that these contingen-
cies may  be interpreted as allostatic responses to environmental
stress (e.g. reduction of reproduction and growth; Wingfield
et al., 1997a), but not to social conflicts. Hence, C lev-

els are not only associated with social context, but may
be primarily impacted by abiotic factors during periods of
high environmental variability, but also depending on seasonal
necessities, such as the timing of migration or reproduction
status.
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