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THE ADRENOCORTICAL STRESS RESPONSE IN THREE NORTH
AMERICAN ACCIPITERS DURING FALL MIGRATION

HEATHER M. ROGERS, MARC . BECHARD,! GREGORY S. KALTENECKER, AND ALFRED M. DUFTY, JR.
Raptor Research Center and Idaho Bird Observatory, Department of Biological Sciences, Boise State University,
Boise, ID 83725 U.S.A.

ABSTRACT.—The associations among corticosterone levels, energy stores, and stress are highly relevant to
bird migration physiology. Many birds maintain elevated baseline corticosterone levels during migration,
yet they frequently modulate additional glucocorticoid secretion, probably to protect their flight muscles
from catabolism. We report on the adrenocortical response to capture and handling stress in three Accipiter
species, the Sharp-shinned Hawk (Accipiter striatus), the Cooper’s Hawk (A. cooperii), and the Northern
Goshawk (A. gentilis) during fall migration. We found mean baseline corticosterone levels to be similar in
Sharp-shinned Hawks and Northern Goshawks, but significantly higher in Cooper’s Hawks. Likewise, mean
baseline levels of corticosterone did not differ in hatch-year and after-hatch-year male and female Sharp-
shinned Hawks and Northern Goshawks, but they were higher in adult male Cooper’s Hawks than adult
females. Mean corticosterone levels did not increase significantly after 30 min of capture and handling
stress in any of the three species, indicating that they modulated their adrenocortical stress responses. Fat
scores were not correlated with baseline corticosterone levels, except in Sharp-shinned Hawks, in which
elevated baseline corticosterone levels were associated with low fat scores.
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RESPUESTA ADENOCORTICAL AL ESTRES EN TRES ESPECIES DE ACCIPITER DE AMERICA DEL
NORTE DURANTE LA MIGRACION DE OTONO

RESUMEN.—Las asociaciones entre niveles de corticoesterona, reservas de energia y estrés son muy impor-
tantes para la fisiologia de la migracion de las aves. Muchas aves mantienen elevados niveles de base de
corticoesterona durante la migraciéon. Sin embargo, ellas frecuentemente modulan secreciones adicionales
de glucocorticoides, probablemente para proteger sus miusculos del catabolismo. Brindamos datos sobre la
respuesta adenocortical al estrés de captura y manipuleo en tres especies de Accipiler, Accipiter striatus, A.
cooperii y A. gentilis durante la migracion de otono. Encontramos que los niveles de base promedio de
corticoesterona son similares en A. striatusy A. gentilis, pero significativamente mas altos en A. cooperii. Del
mismo modo, los niveles de base promedio de corticoesterona no difirieron entre individuos macho y
hembra nacidos en el ano y de mas de un ano de A. striatusy A. gentilis, pero fueron mayores en los machos
adultos que en las hembras adultas de A. cooperii. Los niveles promedio de corticoesterona no aumentaron
significativamente luego de 30 min de estrés producido por captura y manipuleo en ninguna de las tres
especies, indicando que ellas modulan sus respuestas adenocorticales al estrés. Los niveles de grasas no
estuvieron correlacionados con los niveles de base de corticoesterona, excepto para A. striatus, para quién
los elevados niveles de base de corticoesterona estuvieron asociados con niveles bajos de grasas.
[Traduccion del equipo editorial]

Migration poses numerous behavioral and physi-
ological challenges for birds, such as accumulating
and managing energy stores that fuel these seasonal
movements. Lipids are the major source of energy
for migration (Ramenofsky 1990, McWilliams et al.
2004), although birds also regularly catabolize pro-
tein (Lindstréom et al. 2000, Bauchinger and Bie-
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bach 2001), especially as fat stores become depleted
(Schwilch et al. 2002). However, protein catabolism
must be limited because all proteins are either func-
tional or structural, and excessive protein loss can
reduce flight performance (Schwilch et al. 2002).
The mechanisms regulating energy utilization
during migration are complex, involving multiple
hormonal and enzymatic pathways (Wingfield et
al. 1990, Bairlein 2002, McWilliams et al. 2004, Hol-
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berton and Dufty 2005). One of these hormones is
the adrenocorticoid, corticosterone, which facili-
tates both physiological and behavioral activities as-
sociated with the regulation of daily energy use
(Wingfield and Silverin 1986, Astheimer et al.
1992, Dallman et al. 1993, Sapolsky et al. 2000,
Landys et al. 2005). During migration, baseline cor-
ticosterone levels often become elevated (Holber-
ton et al. 1996, Jenni et al. 2000, Piersma et al.
2000, Landys-Ciannelli et al. 2002, Long and Hol-
berton 2004). This increase is condition-dependent
with birds with large fat stores having lower baseline
corticosterone levels than those with small stores
(Jenni et al. 2000, Piersma et al. 2000, Jenni-Eier-
mann et al. 2002, Long and Holberton 2004). Cor-
ticosterone is involved in mobilizing lipid reserves
during migration (Jenni and Jenni-Eiermann 1998,
Landys et al. 2004). Thus, elevated baseline cortico-
sterone levels may help to regulate energy utiliza-
tion during migration, especially as fats become de-
pleted and protein usage increases.

The adrenocortical response to capture and han-
dling stress also differs between migrants and non-
migrants. Typically, corticosterone levels increase
with handling time in nonmigrants, although the
pattern of hormonal change is affected by environ-
mental conditions and contaminants as well as life-
history stage (Wingfield and Farner 1978, Wingfield
etal. 1992, 1997a, 1997b, Astheimer et al. 1994, Blas
and Baos 2008, Baos and Blas 2009). In migrants,
whose baseline corticosterone levels may already be
elevated, increases in corticosterone secretion with
capture and handling time may be dampened (Hol-
berton et al. 1996, Jenni et al. 2000, Long and Hol-
berton 2004; but see Romero et al. 1997, Landys-
Ciannelli et al. 2002). Similarly, reduced fat stores
in fasted nonmigrants also are followed by increases
in corticosterone secretion, as well as by increased
protein metabolism (Cherel et al. 1988). Since long-
distance migration flight and fasting by nonmi-
grants have many similarities (Battley et al. 2001),
it is likely that modulation of stress responsiveness
in migrants prevents corticosterone secretion from
exceeding a level above which critical protein re-
serves, such as flight muscles, are catabolized.

Studies on adrenocortical function during migra-
tion have mainly dealt with long-distance migrant
passerines and shorebirds. In contrast, little is
known about physiological changes associated with
migration in raptors. Large raptors, such as hawks,
have very different flight strategies during migration
than most other birds for, in addition to flapping
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flight, many also use a combination of soaring and
gliding flight during migration (Kerlinger 1989).
When compared to flapping flight, such soaring/
gliding flight reduces energy requirements during
migration (Hedenstrom 1993, Spaar et al. 1998).
Because the optimum fuel composition likely varies
with migration strategy (Jenni and Jenni-Eiermann
1998), the physiological mechanisms that regulate
energy utilization in raptors may differ from those
found in other birds. Here, we report the adreno-
cortical response during migration in three species
of the genus Accipiter, the Sharp-shinned Hawk (A.
striatus), Cooper’s Hawk (A. cooperii), and Northern
Goshawk (A. gentilis). In addition to determining
whether or not these three raptor species modulate
their adrenocortical stress response during fall mi-
gration, we also examined the effect of sex and age
on corticosterone levels.

STUDY AREA

The Accipiters were captured at the Idaho Bird
Observatory (IBO) located at Lucky Peak in south-
western Idaho, approximately 12 km east of the city
of Boise (43°45'N, 115°17'W). Lucky Peak is the
southernmost forest peak in the Boise Ridge, which
runs north-south as part of the Boise Mountains. It
is the northern geographic boundary of the West-
ern Snake River Plain and it naturally concentrates
migratory birds. Over 950 migratory raptors have
been captured and banded annually at the trapping
station since 1993. As of 2009, a total of 8498 Sharp-
shinned Hawks, 3278 Cooper’s Hawks, and 413
Northern Goshawks have been captured and band-
ed during fall migration (Kaltenecker et al. 2010).
Fifty-three of these Sharp-shinned Hawks and 24
Cooper’s Hawks have been encountered in Arizona,
California, and as far south as Guerrero, Mexico,
and 20 Sharp-shinned Hawks and Cooper’s Hawks
have been recaptured at the migration trapping sta-
tion operated by HawkWatch International at the
Goshutes Mountains in northern Nevada, approxi-
mately 500 km south of Lucky Peak. Encounters
north of the observatory have occurred in northern
Idaho, Oregon, Washington, Montana, and British
Columbia. Band recovery patterns from IBO show a
similar pattern to those from other banding stations
in the Intermountain West (Goodrich and Smith
2008), indicating that the Lucky Peak banding sta-
tion is situated roughly in the central portion of
migratory routes of these three species.
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METHODS

Trapping and Blood Collection. We trapped Ac-
cipiters from late August through October. Trapping
occurred between 11:00-18:00 H. We used a combi-
nation of mist nets, bow nets, and dho-gaza nets for
trapping (Bloom et al. 2007). Rock Pigeons (Co-
lumba livia), Ring-necked Turtle Doves (Streptopelia
risoria) and House Sparrows (Passer domesticus) were
used to lure hawks into the nets. Only those hawks
that flew directly into traps were used for sampling.
Because corticosterone levels can rise very rapidly
after stress (Romero and Reed 2005), we collected
~100 pL of blood from the brachial vein in 50 uL
heparinized capillary tubes as quickly as possible
(average time of first blood draw after capture =
1 min; all baseline samples were collected within
3 min of capture). After being handled and held
in a metal can for 30 min, a second sample of
~100 pL was taken from the other wing. Thirty min-
utes was used because it is the standard time interval
used in corticosterone stress tests in birds (Holber-
ton et al. 1996). Blood samples were kept on ice
until the end of the day (<7 hr), when the plasma
and blood cells were separated by centrifugation.
The plasma was stored at —20°C until the end of
the trapping season, when the hormonal analyses
were done. After the initial blood draw, we banded
each bird with a United States Geological Survey
(USGS) aluminum leg band, determined its age
and sex, and collected morphometric measure-
ments. Morphometric measures consisted of wing
chord (mm), length of longest tail feather (mm),
body mass (g), and fat scores. We assessed fat levels
in the abdominal and furcular regions using a scale
from 0 to 5, with 0 denoting no visible fat and 5
indicating bulging fat (Wingfield and Farner 1978,
Wingfield et al. 1997).

Analysis of Plasma Corticosterone. We analyzed
plasma corticosterone levels in a single radioimmu-
noassay as described by Wingfield et al. (1992). All
samples were aliquoted into test tubes with distilled
water to a volume of 400 ul. To determine recovery
values, 20 pl (approximately 2000 cpm) of tritium-
labeled corticosterone was added to each sample.
After equilibrating, the lipid fraction was extracted
using 4 ml of distilled dichloromethane. The organ-
ic phase was collected and dried under nitrogen gas
at 40°C and resuspended in 550 ul of phosphate-
buffered saline. For the recovery values, we pipetted
100 pl of this into scintillation vials and added 4 ml
of scintillant. After mixing, the vials were allowed to
equilibrate overnight before being counted. Ali-
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quots of 200 ul were placed in duplicate assay tubes
for the radioimmunoassay. Into each assay tube we
aliquoted 100 pl of labeled corticosterone and 100 pl
of corticosterone antiserum, and the solution equil-
ibrated overnight. Bound and free hormone was
separated by adding 0.5 ml of a dextran-coated char-
coal solution for 10 min, and then centrifuged. The
supernatant was decanted into a scintillation vial
into which 4.0 ml of scintillant was added. After
equilibrating overnight, the samples were counted
to 2% accuracy or 10 min on a liquid scintillation
counter.

Statistical Analysis. We analyzed the adrenocorti-
cal response to capture and handling stress for each
species using a multifactorial ANOVA with repeated
measures on the last factor (time) with the factors
being sex, age, and time. For Sharp-shinned and
Cooper’s Hawks, baseline corticosterone levels were
analyzed for differences between sexes and ages us-
ing two-way ANOVAs. The relationship between fat
and corticosterone levels was analyzed by Pearson
Rank Correlation (Zar 1996). All statistical analyses
were done using the SAS statistical program (Hatch-
er and Stepanski 1994). Data are presented as
means * SE.

REsSULTS

The mean baseline corticosterone levels in Sharp-
shinned Hawks and Northern Goshawks were simi-
lar at approximately 29 ng/ml, but it was significant-
ly higher in Cooper’s Hawks at 49 ng/ml (/5934 =
18.65, P = 0.0001; Table 1). Mean corticosterone
levels did not change significantly after 30 min of
capture and handling stress in any of the three spe-
cies (Sharp-shinned Hawk: F} 956 = 0.00, P = 0.973;
Cooper’s Hawk: I 144 = 0.03, P = 0.868; Northern
Goshawk: 17 17 = 0.03, P = 0.852; Table 1).

Female Accipiters we captured were 1.20 to 1.76
times larger than males (female:male ratio: Sharp-
shinned Hawk: 172.0 = 2.1 g vs. 97.8 * 1.3 g; Coo-
per’s Hawk: 439.1 = 6.1 g vs. 290.4 * 4.5 g; North-
ern Goshawk: 910 g vs. 761.5 £ 15.2 g). Despite this,
mean baseline corticosterone levels did not differ
between male and female Sharp-shinned Hawks
(Fy 144 = 0.32, P = 0.571, Table 2). We captured
no hatch-year Northern Goshawks and only one af-
ter-hatch-year female. Its baseline corticosterone
level was similar to the mean we obtained for both
after-hatch-year female Sharp-shinned Hawks and
after-hatch-year male goshawks. Only Cooper’s
Hawks showed a sex difference in baseline cortico-
sterone levels, with after-hatch-year males having
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Table 1. Mean baseline and stressed levels of cortico-
sterone in Sharp-shinned Hawks (SSHA), Cooper’s Hawks
(COHA), and Northern Goshawks (NOGO) captured
during fall migration in southern Idaho. Sample sizes are
shown in parentheses.

TiME 0 MIN TiME 30 MIN

ng/ml = SE ng/ml = SE
SSHA 28.09 = 1.68 (148) 34.04 = 1.73 (148)
COHA 49.01 = 3.74 (79) 56.69 * 3.75 (79)
NOGO 29.57 = 4.30 (10) 30.80 = 4.84 (10)

significantly higher levels (mean = 6644 =*
10.88 ng/ml) than after-hatch-year females (mean
= 41.12 = 8.21 ng/ml, F,7; = 6.33, P = 0.014).
Corticosterone levels did not differ between hatch-
year and after-hatch-year Sharp-shinned Hawks
(1,144 = 0.00, P = 0.980) and there was no interac-
tion between sex and age ([ 44 = 0.20, P = 0.657).
Likewise, there were no age-dependent differences
(I1,75 = 1.14, P= 0.290) or sex- and age-based (/] 75
= 0.41, P = 0.524) interactions in Cooper’s Hawks.

Fat scores ranged from 1 to 4 in Sharp-shinned
Hawks (mean = 2.7). In Cooper’s Hawks, except for
one individual with a score of 1, all fat scores ranged
from 2 to 4 (mean = 3.0). All Northern Goshawks
had fat scores of 3 to 4 (mean = 3.3), and almost all
of the birds had medium to high levels of fat in their
abdominal and furcular regions. There was no sig-
nificant relationship between fat score and baseline
corticosterone level in Northern Goshawks (p =
—0.442, P = 0.201) but it was marginally higher in
fat than lean Cooper’s Hawks (p = 0.622, P =
0.057). Sharp-shinned Hawks did exhibit a signifi-
cant correlation between fat score and baseline cor-
ticosterone level (p = —0.109, P = 0.022), with low
fat scores associated with higher baseline corticoste-
rone levels.

Table 2.
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DiscussioN

Avian migration is a dangerous activity, and
mortality rates during migration may exceed those
occurring during any other part of a bird’s annual
cycle (Sillet and Holmes 2002). Moving long dis-
tances, either nonstop or with frequent foraging
bouts through relatively unfamiliar habitats, puts a
premium on the effective acquisition, maintenance,
and utilization of energy resources.

The physiological mechanisms underlying migra-
tion have received considerable attention recently,
including the role of corticosterone secretion (e.g.,
Ramenofsky et al. 1995, Holberton et al. 1996, Ro-
mero et al. 1997, Jenni et al. 2000, Piersma et al.
2000, Landys-Ciannelli et al. 2002, Long and Hol-
berton 2004). Several investigations have focused on
the hormone’s role in regulating metabolism. Birds
primarily use lipids to fuel migratory activity (Rame-
nofsky 1990, Bairlein 2002). Despite the functional
nature of proteins, some organs undergo hypertro-
phy prior to migration and proteins in these organs
are catabolized to provide a modest, yet important,
source of energy (Piersma 1998, Lindstrom et al.
2000). Nonetheless, birds must manage their energy
supplies so as not to delete important proteins, such
as those involved in flight muscles, beyond some
critical level (Schwilch et al. 2002).

Some migrants exhibit elevated levels of cortico-
sterone compared to nonmigrants (Ramanofsky et
al. 1995, Holberton et al. 1996, Holberton 1999,
Jenni et al. 2000, Landys-Ciannelli et al. 2002), al-
though migrants with ample fat reserves have lower
baseline corticosterone levels than do migrants that
are relatively lean (Jenni et al. 2000, Long and Hol-
berton 2004, Piersma et al. 2000, but also see Ro-
mero et al. 1997). Furthermore, lean migrants with
elevated corticosterone levels dampen their adreno-
cortical stress response more so than do individuals
with ample fat reserves (Jenni et al. 2000, Long and
Holberton 2004), while migrants faced with critical-

Mean baseline levels of corticosterone (ng/ml) in hatch-year (HY) and after-hatch-year (AHY) male and

female Sharp-shinned Hawks (SSHA), Cooper’s Hawks (COHA), and Northern Goshawks (NOGO) captured during
fall migration in southern Idaho. Sample sizes are shown in parentheses.

MALE FEMALE
HY AHY HY AHY
SSHA 31.61 * 4.94 (37) 29.65 + 4.09 (9) 25.72 + 1.86 (73) 29.07 * 1.86 (29)
COHA 55.77 = 7.59 (28) 66.44 += 10.88 (9) 40.62 = 4.55 (29) 41.12 = 8.21 (13)
NOGO — 29.67 + 4.81 (9) — 28.67 (1)
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ly low energy reserves allow their elevated circulat-
ing corticosterone levels to go even higher (Holber-
ton et al. 1999, Jenni et al. 2000).

Our findings indicate that, like migrating song-
birds, migrating Accipiters modulate their adrenocor-
ticosterone response to stress and do not produce a
significant increase in corticosterone secretion
when subjected to capture and handling stress. It
is possible that our sampling method, which in-
volved luring birds with potential prey items, gener-
ated a biased sample of hungry birds in poor body
condition (Weatherhead and Greenwood 1981).
However, if this were so, then we should have seen
an increase in plasma corticosterone levels with han-
dling time, as has been found in other species in
poor condition (Holberton et al. 1999, Jenni et al.
2000). Tests of such a trapping bias in Accipiters have
produced mixed results (Gorney et al. 1999), and
most of the Accipiters we captured appeared to be in
relatively good body condition with moderate to
high fat scores. Thus, our findings of modulation
of adrenoresponsiveness occurred despite using a
capture technique that may be biased against pro-
ducing such a result.

We found no age- or sex-related differences in
baseline corticosterone levels in either Sharp-
shinned Hawks or Northern Goshawks, but adult
male Cooper’s Hawks had significantly higher base-
line levels than adult females. Cooper’s Hawks show
a high degree of sexual dimorphism with females
having a body mass 1.5 times larger than males. It is
unclear why males maintain a higher corticosterone
level but it may indicate that they experience higher
stress levels during migration than their female
counterparts.

Sharp-shinned Hawks exhibited the widest range
of fat scores and also demonstrated a significant
inverse relationship between fat scores and baseline
corticosterone levels. This was consistent with earli-
er findings that baseline corticosterone levels in-
crease as energy reserves decline (Holberton et al.
1999, Jenni et al. 2000, Piersma et al. 2000). In con-
trast, we found no relationship between fat score
and baseline corticosterone level in Northern
Goshawks and Cooper’s Hawks, but this may have
been due to low variability in their fat scores.

The relationship we found between baseline cor-
ticosterone levels and fat reserves in Northern Gos-
hawks and Cooper’s Hawks contrasts with some ear-
lier findings where elevated corticosterone titers
were characteristic of lean birds (Jenni et al. 2000,
Long and Holbertson 2004, Piersma et al. 2000).
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These differences may arise from differences in mi-
gration strategies in Accipilers, compared to most
other species. Foremost among these is the well-
known soaring/gliding flight behavior of migrating
raptors. Flapping flight becomes disproportionately
expensive as avian body size increases (Klaassen
1996), and all three Accipiter species we studied
use soaring/gliding flight during migration,
especially the two larger species, the Cooper’s Hawk
and Northern Goshawk (Kerlinger 1989). Although
the effect of transporting large fuel reserves may
not be as expensive as initially thought (Kvist et al.
2001), large birds like Accipiters do not accumulate
large fat reserves that are seen in songbirds. In-
stead, they store relatively less fat and often feed
during migration (Kerlinger 1989). Jenni and
Jenni-Eiermann (1998) suggested that birds flying
short, nonstop flights may not optimize lipid
utilization and may use relatively more protein
than long-distance migrants. Futhermore, Gannes
(2001) noted that birds on high-protein diets use
more protein to fuel their migratory movements
than omnivorous birds. Therefore, migrating Accip-
iters, which have high-protein diets and feed during
migration, might be expected to rely more heavily
on protein than do long-distance migrants. Elevated
baseline corticosterone levels during migration
could facilitate proteolytic (and lipolytic) activity
through interactions with low-affinity glucocorti-
coid receptors, which are stimulated to activate
catabolic processes when corticosterone levels in-
crease (Tempel and Leibowitz 1994). Modulation
of adrenocortical responsiveness would prevent
this process from tapping into protein stores too
deeply. While these ideas are highly speculative,
they point to the need for a broad, comparative
approach to the study of migration physiology,
one that incorporates the wide range of avian
migration strategies.
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