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Reproduction is one of the most energetically costly life history stages, which impose constraints, even outside
the breeding period. Capital breeders typically accumulate energy in preparation for reproduction and the
amount of body mass gain prior to reproduction partly determines reproductive outcome in such species. Un
derstanding the physiological and behavioral interplay that governs energy storage is thus essential. Pleiotropic
hormones such as glucocorticoids can modulate diel and seasonal energy allocation in vertebrates. Baseline
corticosterone (CORT, the main glucocorticoid hormone in birds) fluctuation can induce changes in foraging
behavior and/or energy storage. In this experiment, we slightly elevated CORT levels and monitored body mass
and foraging behavior prior to reproduction in semi-captive greylag geese. Birds treated either with CORT or
placebo pellets inserted subcutaneously were monitored during 21 days. Same individuals were sequentially
submitted to both treatments. The increase of CORT levels measured in blood samples confirmed the slight CORT
elevation in treated birds. Foraging behaviors increased (up to 9%) in the CORT treated group compared to
controls only during morning observations. Birds treated with CORT increased their body mass gain by 6.3%
compared to controls. This effect lasted during the first 11 days after pellet implementation. We thus confirm the
central role of glucocorticoids on foraging behaviors and body mass gain in pre-nesting birds. This study opens
new avenues to manipulate body condition in large-bird species.

Introduction
Available resources in an environment are limited and impose tradeoffs regarding the allocation of energy [52]. The trade-off between
reproduction and survival largely determines reproductive efforts and
its impact on survival and future reproduction [52]. Reproduction is one
of the most energy demanding parts of the annual cycle, especially in
vertebrates. To cope with high energy demands, individuals will in
crease their foraging rate [18] or select more profitable resources [40]
both in pre-breeding and breeding investments. Increased foraging ef
ficiency with potential body condition gain in preparation for repro
duction can partly determine reproduction decisions, investment and
success [8,17,25,48].
Reproduction efforts in capital breeders, which that partially or
totally rely on their endogenous reserves to breed, are largely deter
mined by the ability to store fat rapidly [18, 21, 48]. Fattening rate prior
to reproduction can enhance female’s reproductive investment [17,25].

For example, snow geese (Anser caerulescens) use one-third of the re
sources accumulated during migratory stopover for their reproduction
[21]. Reproductive decisions such as timing of migration [8], breeding
propensity [28] or laying date [20,25], are partly driven by the body
condition.
Understanding the mechanisms underpinning the phenotypic plas
ticity allowing for the accumulation of energy is thus crucial in such
species that rely on endogenous reserves for their reproduction [24,43].
Physiological traits play central regulation roles of key life-history de
cisions especially in preparation for reproduction [29,59]. Glucocorti
coids (GCs) are important mediators of allostasis and energetic demands
[31,36,53]. As such, they play a pivotal role in many life history de
cisions [33], including reproductive ones [24,59]. At baseline levels, GC
especially act to manage daily and seasonal energetic demand [16,31],
largely by maintaining homeostasis through their role in gluconeogen
esis [36,49] and by influencing foraging behaviors [2,3,6]. These
GC-mediated changes result in body mass changes [15,23,26,41] and
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increased fat levels [37]. At high (stress-induced) levels, GCs have
different effects on physiology and behaviors [31,49]. For example, GC
can mobilize glucose, lipids and proteins to supply the energy demands
of survival behaviors [12], lower the energetic stores, and impact body
condition [4,11,14]. At such levels, GCs increase the energy available to
favor immediate survival at the expense of long-term functions with
potential reproduction or overall fitness reduction [5,4].
Slight variation of GC within baseline levels can affect several
behavioral traits such as foraging behavior or activity [3,6,13,15,31],
pre-migration behaviors including the so-called Zugunruhe or migratory
restlessness period [31,42]. Overall, GC elevation during diel and sea
sonal events are far lower than the concentrations occurring during
acute stress phases, when CORT receptors (type 1) became saturated
triggering a physiological and behavioral stress response [13,30].
Variation of GCs around baseline levels thus play a pivotal role in
regulating seasonal physiological and behavioral responses in verte
brates [31,53].
Several studies have examined the impact of low-dose experimental
elevation of corticosterone levels (CORT, the primary avian GC) in either
domestic, poultry or wild bird species, and they found that these ma
nipulations induced changes in locomotor activity [12,51] offspring sex
ratio [9,10], immune system and oxidative damages [54] as well as body
mass [3,15,23,26,41,57] and foraging behavior [2,6,15]. Even with
strong evidence provided on the effect of variation in baseline CORT on
body mass, evidence on the causal links between baseline GC, foraging
behaviors and body mass gain are scarce [26]. So far, only a few studies
provided indirect evidence of such causal links [e.g [3,15]]. In the
present study, we experimentally elevated baseline CORT in
pre-breeding semi-captive greylag geese (Anser anser), a species that
typically accumulate endogenous reserves prior to reproduction [21].
During this fattening period, a slight elevation in baseline CORT was
observed in several capital breeding species [6]. These studies support
the CORT-Fitness hypothesis suggesting that fluctuation in CORT levels
is a physiological mechanism that modulate behavioral decisions to cope
with increased energetics demands [10].
Our first goal was to validate that exogenous CORT administration
leads to an elevation of plasmatic CORT within baseline range. GC, such
as CORT, have pleiotropic effects in the body [49]. In addition to their
central role in the stress response, they balance the energy available to
the daily life processes and predictable life-history stages [31]. We
quantified the impact of slight CORT elevation on behaviour and ex
pected an increase in the time spent foraging for CORT treated birds.
Finally, we monitored body mass during the experiment and expected an
increased fattening rate in birds treated with CORT implants.

individuals were kept in this new enclosure for a week before CORT
implantation. This was done to limit disturbance on other individuals
while capturing them and ensure that blood samples were collected
within 3 min. so the stress of capture was not inducing bias in CORT
measurement [45]. All birds were housed in the aviary for at least one
year before the onset of the experiment. DARVIC alphanumeric collars
(weighting 19g, approximatively 0.4 % of their body mass) were loosely
deployed at the base of the neck. Birds were marked 6 weeks before the
beginning of the experiment to facilitate behavioral observations. We
did not detect any impact of collars on body mass. Eighteen days after
collar deployment, body mass was similar (mean body mass = 4386 ±
168 g and 4423 ± 145 g in Dec 20 and Jan 07 respectively; repeated
ANOVA: F1, 26 = - 1.11, p-value = 0.30) We also did not notice any
impact of the collar regarding their behaviors (grooming behaviors
remained the same before and after collar implementation).
Experimental design
Two separate consecutive 21-day trials were performed with five
individuals treated with CORT and five individuals with Placebo that
switched from the first to the second trial (See Appendix A. for more
details regarding the experimental procedure and schedule). A random
implantation schedule was assigned for each individual. We alternated
trials to avoid any time confounding effect. Each individual was tested
twice: either with CORT (120 mg of CORT in a cholesterol matrix) or
Placebo pellets (cholesterol matrix only) both from Innovative Research
of America. CORT release was designed to last 21 days (specifications
given by the company). The amount of CORT per pellet (~30 mg CORT.
kg-1) was based on previous experiments in birds known to slightly in
crease baseline CORT [10,23,25,39]. Previous experiments showed that
baseline greylag goose plasma CORT levels were around 3.94 ± 0.71 ng.
mL-1 (data from 18 individuals, see below). Acute stress plasma levels
obtained after an Adrenocorticotropic hormone (ACTH) challenge [32]
were also measured in 2019 on 8 geese belonging to the same captive
flock of individuals (mean CORT 99.68 ± 8.18 ng.mL-1 ; Legagneux &
Hoarau, unpub. data).
Birds were implanted on the first day of each experimental trial.
Before pellet implantation, birds were first weighted. The pellet
(diameter: 1 cm; thickness: 3 mm) was implanted subcutaneously in an
area of loose skin at the base of the neck. The implant area, stripped of its
feathers, was sanitized with betadine and 70% alcohol then anesthetized
locally with 0.4 ml dose of 2 mg.kg-1 Lurocaïne. A small incision, slightly
larger than the pellet, was made 5 minutes after the Lurocaïne injection,
the pellet was inserted subcutaneously, and then, the wound was closed
using a single U stitch. The surgical area was re-sanitized and a nonsteroidal anti-inflammatory drug (Meloxicam 0.1 mg.kg-1) was injec
ted in the pectoral muscle before the bird was released back into the
aviary. Manipulations lasted approximately 10 minutes per individual.
Implanted birds were observed for 2 hours during the evening after the
surgery to ensure that individuals were not impacted by the surgery. We
did not notice any behavioral effects such as an increased frequency of
preening or any isolated birds after the surgery. Individual body mass
was taken every two days, in the afternoon between 12 to 15 pm during
each 21 days trial. The wound was monitored during weighing to ensure
that no infection or rejection occurred.

Materials and Methods
Study site and species
The study was conducted at the Centre d’Etudes Biologiques de Chizé
(CEBC – CNRS - UMR 7372), in western France, prior to goose repro
duction from January 17 to March 06 2020. Greylag geese descendants
of individuals caught in the wild were housed in an outdoor aviary
(enclosure of 1000 m2 with 2.5 m height-wall consisted of semitransparent tarp) covered by grass with access to ad libitum poultry
feeding mix (Wheat, corn and barley mix from the provider Bouhier
Alimentation Animale) and two 300 L tubs where geese could bathe and
drink. Ten adult geese (five males, five females) were used in the main
experiment (behavior and mass change) and three others (one adult
male and two adult females) were used to validate the effect of CORT
manipulation on circulating plasma CORT levels the week prior to the
main experiment. The three individuals used for CORT validation were
housed in a smaller enclosure of 12 m2 inside the main aviary to
maintain visual contact with the rest of the group. Individuals inside the
enclosure could maintain visual contact and proximity with the rest of
the group, which reduced the associated stress of isolation. Those

Corticosterone analysis
Blood sampling
Three individuals were isolated during one week before receiving a
CORT pellet. On those three individuals, blood samples were taken in
the morning at days 0 (before implantation), 1,2,3,5 and 7 after im
plantation. This validation study was carried on two weeks before the
beginning of the main experiment. Blood samples were taken from the
tarsal vein using a 27-G needle with 1 mL heparinized syringe within 3
min after the entrance in the enclosure to obtain non-biased CORT levels
2
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[34]. Blood samples were placed in an Eppendorf tube and then
centrifuged at 4200 g for 8 minutes. Plasma was separated from red
blood cells and stored separately at - 20◦ C until CORT analysis per
formed using radio-immuno assay (RIA) at the CEBC [32,34]. CORT of 9
untreated birds, collected in February 2019, and also taken within 3 min
were used as a baseline reference. All samples were run in one assay, the
minimal detectable CORT level was 0.28 ng.ml-1 and the intra-assay
coefficient of variation was 8.79% (n = 49 duplicates). The minimal
detectable CORT level was 0.28 ng.ml-1. The intra-assay coefficient of
variation was 8.79% (n = 49 duplicates).
Behavioral observations
Behavioral observations occurred from day 1 after the implantation
until day 7. We monitored behaviors during the first week only because
it was expected that the effect of CORT pellet was most prominent after
CORT implantation [26]. Observations were made on same individuals
implanted either with CORT and PLACEBO. Observations were made,
during the active periods of the geese, by one single observer (MH) both
in the morning starting half an hour after sunrise and the evening half an
hour before sunset. Thirteen behaviors were observed which were split
into three main categories: foraging, resting and other behaviors (e.g.
preening; vigilance and agonistic interactions; see Appendix B. for more
details). In each morning and evening sessions, three focals of 3 minutes
were realized for each individual [1]. Each focal of the same individual
was separated by at least 15 minutes. Every behavior and elapsed time
were recorded. The behaviors were recorded using BORIS software. The
time budget (percentage of time spent for each behavior) for each
morning and evening session was collated and information was also
available for the three categories. The sum of the time budget for every
behavior within a category was used to approximate the time ratio spent
on each behavioral category.

Fig. 1. Mean baseline (taken within 3 minutes after capture) corticosterone
concentration in plasma (N = 3) along the days of treatment. The error bars
represent the standard errors (s.e.m.). The dotted line ± s.e.m (shaded areas)
represents the mean baseline CORT measured before the experiment from 18
untreated individuals for plasma. Individuals used for plasma analyses were
only used for validation purposes (i.e. not included in the main experiment). A
star represents significant differences between the untreated and CORT treated
individuals.

for all our analyses. RELMASS variation was analyzed with generalized
linear mixed models. Individuals (ID) nested in period (PERIOD) were
used as random effects to control for inter individuals and inter period
variations. To account for potential non-linear responses of our TRT over
time, we included experimental day (DAY) and a quadratic term (DAY2)
in our model as well an interaction between treatment (TRT) and DAY.
RELMASS was expected to be more pronounced in females (pre-laying
fattening) compared to males. We included the sex (SEX) in our model
and tested for potential interaction between SEX and DAY. A small
sample corrected Akaike Information Criterion (AICc) selection was
calculated to select the variables used in the model. The model with the
lowest AICc value was considered to be the most parsimonious. The
intercept was fixed at 0 as the analysis focused on the relative mass. A
breaking point analysis using the method of Muggeo [38] was performed
to determine a potential breakpoint once the quadratic term was
elicited.

Statistical analysis
All statistical analyses were conducted with R 4.0.2 [44]. For the
analysis of the CORT, we use the package “stats”. For the body mass
analysis, we used the package “lme4” [7] to conduct linear mixed
models and “AICcmodavg” [35] for model selection. We used the
package “segmented” [38] to analyze the breaking point. All results are
presented as mean ± se.
To validate the elevation of CORT from our blood samples, we
compared the CORT levels measured in treated birds for each day after
implantation to CORT levels sampled on untreated birds before the
experiment (see above) using ANOVAs.
Generalized linear mixed models using a quasi-binomial distribution
to correct for overdispersion was performed to analyze the percentage of
time spent on each behavioral category (foraging, resting and other
activities) using the package “MASS” [58]. Individuals (ID) nested in
period (PERIOD) were used as random effects to control for inter in
dividuals and inter period variations. As we expected a difference in
behaviors between males and pre-laying females, we accounted for a
potential interaction between treatment (TRT) and SEX. Exploratory
analysis suggested that individuals responded differently to the treat
ment depending on the time of the day (TIME: Morning/ Evening). We
tested for a potential interaction between TRT and TIME. Because, AICc
model selection was not possible using a quasi-binomial distribution
[58], we used a backward selection to identify the variable that better
explained the variance associated with our data. Three distinct model
selections were carried out for each behavioral category (detailed in
Appendix B.).
Relative mass (RELMASS) was calculated as the difference between
initial body mass at day 0 and body mass at day x. RELMASS was
calculated independently for each 21-day trial. No significant differ
ences regarding body mass gain (MASS) was found between the two
periods (β = 16.72 ± 23.17, P = 0.47) and the whole dataset was used

Results
Pellets were administered to all individuals, and none presented any
inflammatory or rejection reaction. One female was removed from the
study because she began laying eggs during the experiment.
Impact of CORT pellet on circulating CORT levels
As expected, an elevation of baseline CORT was observed after the
implantation of a 120 mg CORT pellet in plasma samples (Fig. 1). A peak
of CORT levels was observed on day 1. This peak was above baseline
level (47.88 ± 7.71 ng.ml-1 VS 3.94 ± 1.27 ng.ml-1, F1,17 = 36.62; pvalue = 0.00). The peak rapidly decreased to reach >3 fold the baseline
level (13.37 ± 2.0 ng.ml-1 VS 3.94 ± 1.27 ng.ml-1, F1,18 > 8.89; all pvalues < 0.05) and remained constant from day 3-7. These levels are
lower compared to levels observed during acute stress (99.68 ± 8.18 ng.
ml-1, Hoarau & Legagneux; unpublished data).
Foraging behavior
The backward selection starting from the full model retained the
interaction between TRT and TIME and an additive effect of SEX to
3
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explain variation in the proportion of time spent foraging (significant
interaction of TRT and TIME: t-value = - 2.16, Df = 198, p-value = 0.03
and significant effect of SEX : t-value = - 2.75, Df = 7, p-value = 0.03,
Table 1). For the time spent resting, only the interaction between TRT
and TIME was significant (t-value = - 2.13, Df = 198, p-value = 0.03,
Table 1). Finally, the null model was preferred to explain the percentage
of time spent on the other activities.
During the morning, individuals under CORT treatment spent
approximately 9% more-time foraging compared to individuals under
PLACEBO (t-value = 2.61, Df = 8, p-value = 0.03; Fig. 2, Table 1). The
reverse occurred for resting time (individuals under CORT treatment
spent nearly 12% less of their time resting than PLACEBO; t-value = 2.84, Df = 8, p-value = 0.02; Fig. 2, Table 1). On the other hand, in the
evening the difference between CORT and PLACEBO treated birds on the
time spent foraging was only of 3% (significantly different from the 9%
in the morning t-value = - 2.58, Df =198, p-value = 0.01; Table 1)
indicating that the effect of the treatment was more pronounced in the
morning. The difference between the two treatments also faded in the
evening for resting behaviors (individuals under CORT treatment spent
nearly 8% less of their time resting than PLACEBO; significant interac
tion t-value = 2.11, Df = 198, p-value = 0.04; Fig. 2, Table 1). Inter
estingly, males spent 12% less time foraging compared to females (all
treatments combined: t-value = - 3.36, Df = 7, p-value = 0.01; Table 1).

Table 1
Parameter estimates of general linear mixed models (GLMM) using a quasibinomial distribution for the proportion of time spent to forage and resting.
Individuals (ID) nested in period (first and second half of the experiment:
PERIOD) were used as random effects. The treatment (TRT: PLACCEBO vs.
CORT implants) in interaction with the time of the day (morning vs. evening:
TIME) were used as fixed effects for foraging and resting and the additive effect
of the sex (SEX) for foraging only. Coefficient values were back transformed to
obtained percentages.
Foraging: Proportion of time ~ TRT* TIME + SEX
Value
Std.Error
DF
(Intercept)
-29.5
0.17
198
TRTCORT
20.3
0.19
8
TIMEevening
16.9
0.19
198
SEXM
-42.3
0.17
7
TRTCORT:TIMEevening
-32.9
0.28
198
Resting:Proportion of time ~ TRT* TIME
Value
Std.Error
DF
(Intercept)
56.7
0.12
198
TRTCORT
-68.4
0.18
8
TIMEevening
-70.9
0.19
198
TRTCORT:TIMEevening
64.2
0.28
198

t-value
-5.16
2.61
3.72
-3.36
-2.58

p-value
0.00
0.03
0.00
0.01
0.01

***
*
***
**
**

t-value
2.17
-2.84
-3.23
2.11

p-value
0.03
0.02
0.00
0.04

*
*
***
*

***: p-values ≤ 0.001; **: p-values ≤ 0.01; *: p-values ≤ 0.05; .: p-values ≤ 0.1;
ns: p-values > 0.1

Fig. 2. Kernel density estimates for the proportion of time budget for the three categories (foraging, resting, other activities) during the morning (top pannel) and
during the evening (bottom pannel) for CORT (black, N=9) and PLACEBO (grey, N=9) treated birds. Black and grey dotted verticals lines, respectively represent the
median proportion of time budget for CORT and PLACEBO. A star represents significant differences between the two treatments.
4
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Table 2
Results of model selection on body mass. K represents the number of parameters
estimated for the model; ΔAICc = [AICci- AICc (min)] ; AICcwt = the rounded
Akaike weight. Parameters are the same as described in Table 1. DAY represents
the days after pellet implantation and DAY2 is a quadratic term. The random
structure was first selected. The random effect (ID/PERIOD) was retained to test
the fixed parameters. The most parsimonious model based on ΔAICc is presented
in bold.
Random effect selection
ID/PERIOD
ID
PERIOD
Fixed effect selection
DAY*TRTþDAY2þSEX*DAY
DAY*TRT+DAY2+SEX*DAY+TRT*SEX
DAY*TRT+DAY2
DAY*TRT+DAY2+SEX
DAY*TRT+DAY2+SEX*TRT
DAY*TRT
DAY*TRT+SEX
DAY+DAY2*TRT
DAY+DAY2*TRT+SEX
DAY+DAY2+TRT
DAY+DAY2+TRT+SEX
DAY+TRT
DAY+TRT+SEX
DAY+DAY2
DAY+DAY2+SEX
DAY
DAY+SEX
TRT
TRT+SEX
SEX
Null

K
4
3
3

AICc
2342.95
2445.88
2450.86

ΔAICc
0
102.93
107.91

AICcWt
1
0
0

K
10
11
8
9
10
7
8
8
9
7
8
6
7
5
7
4
6
5
6
5
3

AICc
2267.04
2268.26
2270.59
2272.27
2273.45
2274.7
2276.34
2281.44
2283.11
2290.82
2292.46
2294.33
2295.93
2303
2307.07
2307.46
2310.63
2337.23
2338.87
2353.47
2468.37

Delta_AICc
0
1.22
3.55
5.23
6.41
7.66
9.31
14.4
16.07
23.79
25.43
27.29
28.9
35.96
40.04
40.43
43.6
70.2
71.83
86.44
201.33

AICcWt
0.54
0.29
0.09
0.04
0.02
0.01
0.01
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Fig. 3. Mean relative mass during the treatment. The dots represent the mean
(± s.e.m, vertical error bar). Relative mass for each day of treatment for CORT
and control treated birds (respectively black and grey dots). The solid black
curve represents the estimates calculated by the global linear mixed model with
days of treatment and a quadratic term as fixed effects and individuals as
random effect (N=9) for the CORT treatment. The grey solid curve represents
the estimates calculated by the global linear mixed model with days of treat
ment term as fixed effect and individuals as random effect (N=9) for the
PLACEBO treatment. The dashed curved lines represent the standard error of
the estimate calculated by the models respectively for the CORT treatment
(black) and for the PLACEBO treatment (grey). The vertical black arrow, sur
rounded by its ± s.e.m. (dashed horizontal error bar), represents the breaking
point of the black line, when the effect of the treatment was no more significant

first 11 days, body mass increased by 22.9g ± 2.9 g.day-1 for CORT
treated birds (Fig. 3) while control individuals increased their body mass
by 2.2g ± 0.9 g.day-1 over the course of the experiment (Fig. 3).

Table 3
Parameter estimates of the top-ranked linear mixed model (see model selection
in Table 2) explaining relative body mass change with individuals (ID) nested in
period (PERIOD) as random effects and the treatment (TRT) in interaction with
the days of treatment (DAY) and the additive effect of the sex (SEX) as fixed
effects.
DAY
TRTCORT
TRTPLACEBO
SEXmale
I(DAY^2)
DAY:TRTPLACEBO
DAY:SEXmale

estimate
22.0
50.0
-46.4
10.8
-0.4
-7.6
-4.5

se
3.3
36.9
36.9
41.4
0.1
1.6
1.6

Df
168
8
8
8
168
168
168

t-value
6.74
1.35
-1.26
0.26
-3.05
-4.60
-2.73

p-value
0.00
0.21
0.24
0.80
0.00
0.00
0.01

Discussion
Our experimental design provided clear evidence that a slight
elevation of CORT induced a significant increase in foraging activities
resulting in a substantial body mass gain in a large pre-breeding bird
species. We validated that CORT pellet increased CORT levels in plasma
samples, at least for 7 days. The elevation in baseline CORT resulted in
an increase of the time spent foraging for the CORT treated group, an
effect only observed during the morning. Body mass gain was more
pronounced for the CORT treated group compared to control individuals
and lasted for ~11 days. Unlike most studies that focused solely on the
influence of CORT elevation on the body mass [23,26,41] or on foraging
behavior [2,6], we experimentally demonstrate the causal links between
slight elevation of CORT, increase of foraging behaviors and body mass
gain. Our results are consistent with two previous studies [6,15], that
show an indirect link between CORT, foraging behavior and body mass
change in two seabird species.

***
ns
ns
ns
***
***
**

***: p-values ≤ 0.001; **: p-values ≤ 0.01; *: p-values ≤ 0.05; .: p-values ≤ 0.1;
ns: p-values > 0.1

Body mass gain
Body mass gain was stronger in females compared to males: a sig
nificant interaction between sex and the day of treatment was detected
(SEX*DAY: t-value = - 2.73, Df = 168, p-value = 0.01). However, no
effect of the sex was detected on relative mass (SEX: t-value = 0.59, Df =
8, p-value = 0.8). CORT pellets had a positive non-linear effect on body
mass gain (Tables 2 and 3). Models with a quadratic term were first
ranked providing evidence for a non-linear relationship. After approxi
mately 11 days of treatment, body mass gain ceased (Breaking point
analysis; psi = 10.65 ± 2.1, t-value = - 3.04; P< 0.001, Fig. 3). Overall,
mean body mass increased from 4439g ± 271g, at the beginning of the
treatment to 4723 ± 255g after 11 days of treatment (breaking point for
CORT treated birds; see Fig. 2) compared to a change from 4501 ± 295g
to 4528 ± 309g for controls over the same period. Body mass gain was
significantly higher in the CORT treated individuals (Table 3). Over the

Corticosterone validation
The administration of a relatively low dose corticosterone pellet
induced a three-fold increase of CORT measured in plasma compared to
baseline level (from 4 to 13 ng.ml-1). This CORT increase was far below
acute stress levels (plasma [CORT] close to 100 ng.ml-1 in our study
population; Hoarau & Legagneux unpub. data). A peak of CORT was
observed on the first day (12-fold: from 4 to 47 ng.ml-1) after implan
tation and then the CORT levels decrease to reach a plateau higher (> 3fold) than the baseline for at least 7 days. We acknowledged that CORT
5
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Table 4
Review summary of the effect of low dose CORT implants on plasmatic CORT, duration of the pellet and body mass gain in partial-capital breeding bird species. Effect
of CORT implants on body mass is seldom reported for small passerine species and was not included in this table (see Torres-Medina et al., 2018 for an extensive review
of CORT implants).
Species

Baseline CORT
level (ng.ml-1)

Maximum CORT
level (ng.ml-1)

Pigeon (Columba
livia)
Kestrel (Falco
tinnunculus)
Barn owls (Tyto
alba)
Velvet scoters
(Melanitta fusca)

1.66

Greylag geese
(Anser anser)

Maximum pellet
duration (days)

95.00

Post peak plateau CORT
elevation level (ng.ml1
)
8.33

14.00

CORT dose
(mg.g-1.day1)
2.38

4.40

44.40

11.60

8.00

2.36

10.00

39.00

3.00

2.80

5.00

19.00

12.00

10.00

3.94

47.88

13.00

13.00

validation was conducted on a relatively limited number of individuals
and that the time window to conduct this validation could have been
extended up to seven days. This was done intentionally to i) reduce
stress on the treated individuals for which no blood samples were taken
and ii) perform the experiment before geese start laying eggs. Given our
results and because similar patterns have also been reported in previous
studies for the same adjusted-mass dose of CORT (see synthesis in
Table 4) [23,26,39], we are confident that pellet implantation correctly
released CORT in our studied geese.
The tapering CORT levels observed after the first days postimplantation would not likely result from a negative feedback regula
tion on the Hypothalamo-Pituitary Adrenocortical axis (HPA) [22]. The
potential for an inhibitory effect, through negative feedback of CORT on
hypothalamus and/or pituitary was recently rejected: Hennin et al., [26]
conducted an ACTH, the pituitary hormone that stimulates CORT
release by the adrenal cortex, challenge during the implantation of the
same CORT pellet and provided evidence that the HPA axis was still
active. The consistent pattern of CORT release found on several species
after pellet implantation is likely reflecting a strong release of CORT on
the first days after implantation. Because the pellet degrades inside the
bird’s body, the contact surface of the pellet is greater at the beginning
of the experiment compared to the end and this could explain why CORT
release is not constant over the course of the experiment. Some re
searchers also advocated the use of empty pellets as control [11,55]
because cholesterol is not an inert substance, but indeed it is a precursor
of steroids [46,45]. Both designs are not pure controls since cholesterol
might affect other steroids that can also play a role in fattening rate and
surgery without pellet would reduce inflammation risk and associated
physiological stress, debated in Torres-Medina et al., [56]. We decided
to use a cholesterol matrix only as a control so that only CORT changed
between controls and treated birds since the CORT pellet is composed of
CORT encapsulated by a cholesterol matrix. To reduce both the number
of individuals involved in the experiment and potential disturbance, we
decided not to monitor baseline CORT levels (from blood samples) in
placebo that received only cholesterol matrix. Since we found a rela
tively strong impact of CORT pellet on both body mass gain and be
haviors (see below), it suggests that, at least for our capital breeding
species that accumulate endogenous reserves, there was no significant
bias associated with the use of cholesterol matrix.

Body mass
gain (g.day1
)
1.60

Daily body
mass gain
(%)
0.32

1.63

7.60

0.63

1.79

22.00

0.49

References
Goerlich,
2009
Müller et al. ,
2009
Müller et al. ,
2009
Hennin et al.,
2016b
Current Study

foraging behavior increased only during morning observation sessions.
ACTH and CORT show a pronounced circadian rhythmicity, with
highest values shortly before waking and lowest values around midnight
to early morning, and intermediate levels when individuals are active
[37] and Scheiber et al., [50] for a specific study on greylag geese.
Naturally, the early morning peak of CORT act as an endogenous signal
to prepare and promote activity including foraging behaviors [16]. The
absence of an effect in the evening could also be explained by geese
being less active during the evening’s observations and the fact that
behavioral observations could not be conducted after sunset, when geese
are also known to forage actively [20] (Hoarau pers. Obs). Since our
results also shown that foraging and resting present a reversed pattern,
treatment differences are less likely to be detected when foraging ac
tivities are reduced. These behavioral observations conducted in a
controlled captive environment confirmed that body mass gain was
primarily a consequence of increased foraging activities and not from a
change in the efficiency in assimilating resources [26] or in metabolism
(protein and lipid catabolism and increased metabolic rates).
Body mass gain
The CORT dose was chosen because body mass gain was reported in
several large bird species that used similar mass-adjusted CORT pellets
(See Table 4). Our repeated body mass measurements confirmed pre
vious findings on the impact of slight CORT elevation on body mass gain
[23,26,39]. The breakpoint analysis indicated that the positive effect on
body mass lasted less than the expected 21 days and ceased after 11
days. This is consistent with our validation study which indicated that
CORT was elevated for a at least 7 days. Other studies also reported that
CORT pellets lasted for a maximum of two weeks (reviewed in Table 4).
Although many studies have shown the negative effect of high level
of CORT (close to maximum acute CORT levels) on body mass, reviewed
in Landys et al., [31], our study confirmed that transitory low increase of
CORT (i.e, close to baseline levels), can affect positively body mass [3,
41] (and Table 4). The same mass-adjusted dose used in the current
study (approx. 30 mg CORT.kg-1) led to very close body mass increase
(0.5% of body mass gain per day; synthesized in Table 4). Similarly, the
administration of ACTH in domestic chicken was shown to increase
CORT level by 2.5-fold compared to baseline leading to a 1.1% body
mass gain [41]. This confirms that elevation of CORT baseline level by
2-3-fold is likely to provide similar mass gain results for a large range of
species prior the laying period. However, CORT implants delivered
during the breeding period can lead to the absence or negative effect on
body mass gain [10,14,47,51,57]. The response to slight increase of
CORT is thus state and dose dependent. A CORT implant given to an
individual during a period of fasting or fattening would lead to opposite

Foraging behavior
This study is one of the first to directly measure the consequences of
CORT administration on foraging behavior. Our results are coherent
with several studies that showed the positive relationship between
baseline CORT elevation and foraging behavior [2,6]. Interestingly,
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effect [51]. Even if body mass increased in both sexes in response to
CORT treatment, we found that body mass gain was more pronounced in
females compared to males. This difference might be explained by the
natural hormonal difference between males and females. Indeed, males
are known to release less CORT levels for a same stressing stimulus than
females [22], potentially because androgens are inhibitors of HPA axis.
This is also likely due to different physiological stages between males
and females at the time of the experiment. Except for one female that
started to lay during the experiment, the body mass gain was higher in
pre-laying females compared to males. Female fattening during the
pre-laying period corresponds to an endogenous cycle particularly pro
nounced in capital or partial capital breeding bird species [19]. Indeed,
body mass also increased (at a lower rate) for placebo birds reflecting
the natural fattening rate at this time of their annual cycle [19].

concurred with the idea that the effect of CORT on body mass is context
and dose dependent [3,14,15,26,31,47,57]. By understanding the
mechanisms involved with the administration of a low dose of CORT,
our study offers new avenues to manipulate the fattening rate and
investigate the consequences for reproductive decisions in wild bird
species.
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Conclusion
Our experiment mimicked or even amplified natural body mass gain
prior to reproduction, a key adaptation in species that accumulate fat
prior to reproduction. Our study thus supports the corticosteroneadaptation hypothesis [10,53,56] that argues that CORT fluctuates in
response to or in anticipation of energetically demanding periods. A
slight CORT elevation (around 3-fold the baseline level) can be obtained
with mass-adjusted CORT implants and is likely to work for multiple
avian species ranging of large partial capital breeders birds such as
geese. The combined body mass and behavior monitoring performed
using a repeated design provided evidence that CORT directly modu
lates body mass through changes in foraging behavior. This study also
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APPENDIX A

Fig. A1. Schedule of the experimental design. Shaded areas represent the day when the manipulation was realized. Red areas represent the day of implantation of
the pellet.

APPENDIX B
Observed behavior grouped by categories.
Category

Behavior

Foraging
Feedinga
Grazing
Drinking
Pickingb

Resting

Other activities

Resting
Sleeping

Bathing
Grooming
Walking
Vigilance
Dominant agonistic
Subordinate agonistic

a: Feeding on poultry mix; b: Walking while grazing or picking seeds
Our focus was to investigate changes in foraging behaviors. We pooled multiple behaviors that are quite
different but less frequent in one category (Other behaviors). The results remained similar if such be
haviors were analyzed separately (results not shown) so we decided to regroup them while presenting the
statistical analyses.
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