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Abstract Migration is one of the most spectacular of
animal behaviors and is prevalent across a broad array of
taxa. In birds, we know much about the physiological basis
of how birds migrate, but less about the relative contribu-
tion of genetic versus environmental factors in controlling
migratory tendency. To evaluate the extent to which migra-
tory decisions are genetically determined, we examined
whether individual western burrowing owls (Athene cuni-
cularia hypugaea) change their migratory tendency from
one year to the next at two sites in southern Arizona. We
also evaluated the heritability of migratory decisions by
using logistic regression to examine the association
between the migratory tendency of burrowing owl parents
and their oVspring. The probability of migrating decreased
with age in both sexes and adult males were less migratory
than females. Individual owls sometimes changed their
migratory tendency from one year to the next, but changes
were one-directional: adults that were residents during win-
ter 2004–2005 remained residents the following winter, but
47% of adults that were migrants in winter 2004–2005
became residents the following winter. We found no evi-
dence for an association between the migratory tendency of
hatch-year owls and their male or female parents. Migra-
tory tendency of hatch-year owls did not diVer between
years, study sites or sexes or vary by hatching date. Experi-
mental provision of supplemental food did not aVect these
relationships. All of our results suggest that heritability of
migratory tendency in burrowing owls is low, and that

intraspeciWc variation in migratory tendency is likely due
to: (1) environmental factors, or (2) a combination of envi-
ronmental factors and non-additive genetic variation. The
fact that an individual’s migratory tendency can change
across years implies that widespread anthropogenic
changes (i.e., climate change or changes in land use) could
potentially cause widespread changes in the migratory ten-
dency of birds.
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Introduction

Migration is among the most remarkable behaviors
observed in animals and occurs in virtually all major animal
taxa. Migration has received more attention in birds than in
other taxa because of the long distances traveled by some
birds, and the reliability with which individual birds often
return to speciWc breeding and wintering areas each year.
Many hypotheses have been proposed to explain the evolu-
tion of migration in birds, but most of these hypotheses fail
to explain why some species migrate while similar coexis-
ting species do not (Boyle and Conway 2007). We often see
a similar pattern within species, whereby some individuals
migrate while others within the same breeding population
remain sedentary (i.e., partial migration; Terrill and Able
1988). However, the selective pressures that favor partial
migration and the proximate mechanisms which aVect
migratory tendency remain unresolved. Lack (1943, 1944,
1968) suggested that migration and residency in many spe-
cies were genetically governed behaviors and that individu-
als possess diVerent hereditarily based thresholds of
migration, an idea more recently formalized in the threshold
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model of Berthold and colleagues (Berthold 1988; Pulido
et al. 1996). However, Lundberg (1988) noted that geneti-
cally diVerent individuals could express similar pheno-
types, and that partial migration may instead represent a
conditional strategy in which factors that aVect social dom-
inance and competition for resources determine whether an
individual migrates in a given year.

The roles of genetic versus environmental factors in con-
trolling individual migratory tendency remain equivocal,
due in part to variation in the migratory behaviors exam-
ined. Evidence for genetic control comes primarily from
laboratory studies which have focused not on migration per
se but on the expression of migratory restlessness
(Zugunruhe) in captive birds. Selective breeding experi-
ments with blackcap warblers (Sylvia atricapilla) and
European robins (Erithacus rubecula) have demonstrated
relatively high heritability of Zugunruhe (Biebach 1983;
Berthold et al. 1990; Berthold and Helbig 1992; Pulido
et al. 1996; Berthold 2001), and the proportions of black-
caps and robins exhibiting Zugunruhe in captivity paral-
leled the overall proportions of migrants in the respective
wild populations (Berthold and Querner 1981; Biebach
1983). However, the functional relationship between
Zugunruhe as observed in captive birds and migratory
tendency in the wild is probably indirect, because: (1) the
proportions of captive female and male European robins
exhibiting Zugunruhe (Biebach 1983) diVered from the
proportions of female and male robins that migrated in a
Weld study (Adriaensen and Dhondt 1990), (2) non-migra-
tory stonechats (Saxicola torquata) exhibited Zugunruhe
when held under conditions of constant equatorial day-
length (Helms 2006), and (3) long-distance migrant song-
birds exhibited phenotypic plasticity in the expression of
Zugunruhe when exposed to manipulated photoperiods
(Coppack et al. 2003). In contrast, evidence for environ-
mental control of migratory tendency comes primarily from
Weld studies which suggest that the migratory tendency of
individual birds may change over time and vary with envi-
ronmental conditions. For example, the proportion of
migrant individuals often diVers among age classes
(Gauthreaux 1982; Schwabl 1983; Smith and Nilsson 1987;
Cristol et al. 1999). European blackbirds (Turdus merula)
sometimes shift from migrant one year to resident the next
year (but seldom the reverse; Schwabl 1983; Harper 1985).
Finally, subordinate dark-eyed juncos (Junco hyemenalis)
exhibited higher levels of Zugunruhe compared to domi-
nant birds in response to experimental food restriction
(Terrill 1987).

The extent of genetic versus environmental control of
migratory tendency likely varies among species. Genetic
control may be more common in birds that breed in
strongly seasonal environments where resource Xuctuations
are predictable within and across years (e.g., obligate

long-distance migrants). By contrast, environmental factors
may play a greater role in birds that experience less predict-
able resource variation and migrate facultatively (Winkler
2005), as is the case with irruptive migrants (Newton 2006)
in which the proportion of individuals migrating Xuctuates
greatly from year to year in response to the abundance of
their preferred food (Hagen 1969; Bock and Lepthien 1976;
Enemar et al. 1984; Korpimaki 1986; Sonerud et al. 1988;
Korpimaki and Norrdahl 1991; Hochachka et al. 1999;
Koenig and Knops 2001; Wiggins et al. 2006).

Migratory decisions in birds thus appear to be governed
by both genetic and environmental controls, and the impor-
tance of each likely varies both within and across species.
More information is needed to establish the relative contri-
bution of genetic versus environmental factors in explain-
ing variation in migratory tendency and the lack of
congruence between the results of selective breeding exper-
iments and Weld-based studies. We need more studies
which assess the heritability of migratory tendency in wild
populations, where migration per se (rather than behavioral
surrogates such as Zugunruhe) can be observed. Resolving
this issue is a matter of practical as well as theoretical con-
cern. Some populations may have a relatively limited
capacity to adapt behaviorally to an altered climate,
whether through phenotypic plasticity or genetic variation
(Sutherland 1998; Fiedler 2003). The need for such infor-
mation is urgent given the apparently quickening pace of
climatic changes (Intergovernmental Panel on Climate
Change 2007) and the uncertainty surrounding their likely
eVects on bird populations (Winkler et al. 2002; Archaux
2003; Wormworth and Mallon 2006).

In this study, we examined whether migratory tendency
of western burrowing owls (Athene cunicularia hypugaea)
in southern Arizona was inXuenced primarily by genetic or
environmental factors based on year-round nest monitoring
and resighting of uniquely banded individuals. Burrowing
owls are well suited for studying the control of migratory
tendency. Unlike many other owl species, the burrowing
owl is a generalist predator that does not exhibit irruptive
movements (Jaksic et al. 1992; Haug et al. 1993; Poulin
et al. 2001), and breeding populations throughout west-
ern North America vary in the proportion of individuals
that migrate south during winter (Haug et al. 1993; Klute
et al. 2003; Conway et al. 2006). Populations in southern
Arizona appear to be partially migratory: some individuals
disappear during winter while others are present year
round (Conway et al. 2005; Conway and Ogonowski 2005;
Ogonowski and Conway 2006). Annual nest site Wdelity is
high in burrowing owls (Haug et al. 1993; Klute et al. 2003;
Conway et al. 2006) and they often perch at the entrance to
their nest burrow during daylight hours, facilitating band
resighting. These traits allowed us to examine the consis-
tency of individual owls’ migratory tendency in successive
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years and to estimate the strength of association between
the migratory tendency of parents and their oVspring. We
restricted our study to banded owls that bred on our study
sites in 2 successive years so that we could diVerentiate
winter migrants from birds that died and birds that perma-
nently dispersed from our study area.

Materials and methods

Study area

We conducted the research at two study sites in southern
Arizona: one within the city limits of Tucson (Pima County,
elevation 728 m), and another surrounding the town of Coo-
lidge (Pinal County, 435 m). Both study sites are located in
the basin and range province of southern Arizona and the
Arizona Upland subdivision of the Sonoran Desert ecore-
gion (Turner and Brown 1994). Average rainfall in Tucson
is 29.7 cm per year, with average temperatures ranging from
lows of 3.9°C in winter to 37.8°C in the summer and highs
often exceeding 43.3°C. Average rainfall in Coolidge is
29.0 cm per year, with average temperatures ranging from
lows of 0.6°C in winter to 42.2°C in summer and highs
exceeding 46.1°C (National Oceanic and Atmospheric
Association 2007). Burrowing owls nested in abandoned
round-tailed ground squirrel (Spermophilus tereticaudus)
burrows, in erosional cavities or metal culverts along desert
washes, and in the banks of earthen canals and concrete irri-
gation troughs abutting agricultural Welds.

Methods

Trapping and banding owls

We used color marking and band resighting to determine
whether each individual owl migrated or not. We began
color marking owls at the Tucson study site in 2001 and at
the Coolidge study site in 2003 as part of a larger demo-
graphic study (Conway and Ellis 2004). We captured adult
and juvenile owls using two-way modiWed havahart traps
placed in the burrow entrance, or spring-loaded bownet
traps baited with live rodents placed next to the burrow
entrance. We placed one aluminum United States Geologi-
cal Survey band and one alphanumeric color-coded band
(ACRAFT Sign and Nameplate, Edmonton, Alberta) on
opposite legs of each owl. Owls were aged based on the
year in which they were banded as juveniles. We placed
unique color bands on a total of 1,916 owls (590 adults and
1,326 juveniles) as part of an ongoing demographic study
from 2001 to 2006 at the two study sites (Conway and Ellis
2004; Conway and Ogonowski 2005), and virtually all owls
(¸90% at each study site) were color banded at the outset

of this study. This intensive banding eVort enabled us to
obtain a suYcient sample of parent–oVspring pairs with
known migratory tendencies during 2004–2006 and of
known-age owls (those banded as juveniles that recruited
into the local populations).

Nest monitoring

We visited all known current and past nest burrows (n = 260)
and several hundred potential nest burrows once per week
from March 2004 up to and including June 2006 to identify
which owls were present. We detected 151 burrows that were
occupied by individual owls or pairs (“active nests”). During
each weekly nest visit, we Wrst observed burrows from a dis-
tance of >100 m with binoculars and used a spotting scope to
read the alphanumeric ACRAFT codes of banded birds. We
then approached burrows on foot to look for signs of occu-
pancy (e.g., whitewash, feathers) and nesting activity (lining,
decor, manure; Smith and Conway 2007), and used an infra-
red video probe (Sandpiper Technologies, Manteca, Calif.) to
look for eggs within all burrows at which we observed owls
or signs of occupancy. The infrared probe allowed us to
locate owls not detected aboveground, determine whether
elusive individuals were banded, and estimate reproductive
parameters (clutch size, hatching date, hatching success, and
number of Xedglings). Repeated use of the infrared probe
does not aVect behavior or reproductive parameters in bur-
rowing owls (Garcia and Conway 2009a). We estimated
hatching date based on signs and behaviors observed during
weekly nest visits using a standardized protocol (Garcia et al.
2007; Garcia and Conway 2009b). To increase the probabil-
ity of detecting owls that had dispersed locally, we systemat-
ically searched areas surrounding all monitored burrows
throughout the year. We mapped the location of all burrows
at which we observed owls or signs of owls with a handheld
GPS receiver (Garmin, Olathe, Kan.).

Determination of migratory status

Our classiWcation of individual male and female adult and
hatch-year owls as residents or migrants was based on their
presence or absence from the study area during winter, deW-
ned as the interval from 15 November to 15 February of the
subsequent year. We restricted our analysis to only include
birds that were present and detected on our study sites dur-
ing two consecutive breeding seasons (i.e., detected in both
2004 and 2005, or in both 2005 and 2006). Some of these
return breeders were repeatedly detected during the inter-
vening winter (residents) and some were never detected
during weekly surveys during the intervening winter
(migrants). Restricting our analyses to include only these
return breeders ensured that our sample of migrants did not
include birds that had permanently emigrated or had died.
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Presence of owls on the study sites was based on band
resight data collected during weekly nest visits and an
intensive mid-winter survey conducted between 15 January
and 6 February of two successive years (2004–2005 and
2005–2006) during which we attempted to determine the
identity of all owls over-wintering at each site. During
these winter surveys we visited each known burrow (occu-
pied and unoccupied) at least twice and returned more fre-
quently to burrows where we could not initially read an
owl’s band. We also placed traps at burrows when we had
diYculty observing an owl’s legs or to conWrm the presence
of individuals at burrows that we suspected were occupied,
given that owls (especially females) often remained under-
ground or retreated into the burrow when approached dur-
ing winter months. We classiWed 65 adult and 42 hatch-year
owls as winter residents (i.e., non-migrants) because they
met three conditions: bred during summer of year t, were
present during the subsequent winter (15 November–15
February), and bred during summer of year t + 1. We clas-
siWed ten adult and 47 hatch-year owls as migrants because
they: (1) bred during summer of year t, (2) were not
observed during the subsequent winter (15 November–15
February), and (3) bred during summer of year t + 1. We
also observed 11 additional adult owls and one hatch-year
owl that: (1) bred during summer of year t, (2) were present
during the subsequent winter, but (3) were not observed
during summer of year t + 1. We analyzed our data with
and without these 11 adult and one hatch-year owls (classi-
Wed as winter residents) and obtained similar results, so we
included them in our analysis.

Determining the sex of owls

We used a combination of plumage characteristics, behav-
ioral observations, and presence of a brood patch on captured
females to determine the sex of all adult owls. Adult males
are typically slightly larger (Martin 1973) and paler (Martin
1973; Haug et al. 1993) with less barring on the breast plum-
age than adult females. Also, adult males are usually found
perching at or near the nest burrow during incubation and the
early nestling period, while adult females usually remain
underground during these periods (Coulombe 1971; Martin
1973; Haug et al. 1993). Incubating females exhibit a promi-
nent and often vascularized brood patch (Coulombe 1971;
Martin 1973) which we used to conWrm our visual and
behavioral determinations of sex whenever possible. We
determined the sex of all returning hatch-year owls during
their second year after they had attained their adult plumage.

Statistical analyses

We used logistic regression to evaluate the eVect of age on
migratory tendency (SPSS 2006), restricting our analysis to

owls of known age (i.e., owls that had been banded as juve-
niles). We conducted the analysis in two steps. In step 1, we
screened for the eVects of four potential covariates (year,
study site, sex, and food treatment) by entering these covar-
iates, age, and two-way interaction terms (site £ sex,
age £ sex, food treatment £ sex, and food treatment £
site) in a logistic regression model with migratory tendency
as the response variable. We included food treatment (sup-
plemented vs. unsupplemented) as a covariate because 75
of the 151 active nests we monitored received supplemental
food as part of a related study (Ogonowski 2007). Sex was
the only covariate that aVected model performance or the
sign, magnitude, and signiWcance of other estimated coeY-
cients, so we included sex as a covariate in step 2. In step 2,
we re-ran the logistic regression including only age, sex,
and the interaction between age and sex as explanatory
variables.

We used a Mantel–Haenszel test of conditional indepen-
dence to examine whether migratory tendency of individual
adult owls was consistent in two successive years while
controlling for the potentially confounding eVect of food
treatment (supplemented vs. unsupplemented), which we
used as a blocking factor. We used a Mantel–Haenszel test
rather than include prior-year migratory tendency in the
logistic regression model described above because we only
knew the exact age of 38 of 86 adult owls for which we had
data on migratory tendency in two successive winters. We
conducted a second Mantel–Haenszel test using prior-year
migratory tendency as the blocking factor to determine if
food treatment also aVected migratory tendency.

We conducted a separate logistic regression analysis to
examine the heritability of migratory tendency because we
only knew the migratory tendency of both parents for 43 of
164 owls of known age. Logistic regression has been used
previously to examine the heritability of migratory ten-
dency in blackcap warblers (Pulido et al. 1996). We
regressed the migratory tendency of Wrst-year owls that
returned to breed the following year (i.e., recruited into the
local breeding population) on the respective migratory ten-
dency of their male and female parents during the same
year. We tested for the eVect of Wve potential covariates in
this analysis: year, study site, sex of Wrst-year owl, hatching
date, and food treatment. As with the analysis of the eVect
of age, we conducted the analysis in two steps. First, we
screened for the eVects of the Wve potential covariates by
entering them in a logistic regression model along with
paternal migratory tendency, maternal migratory tendency,
and two-way interaction terms (food treatment £ sex, food
treatment £ hatching date, food treatment £ paternal
migratory tendency, and food treatment £ maternal migra-
tory tendency) with oVspring migratory tendency as the
response variable. None of the covariates improved the per-
formance of the model or aVected the sign, magnitude, or
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signiWcance of other estimated coeYcients so we did not
include them in step 2. In step 2, we re-ran the logistic
regression including only paternal migratory tendency and
maternal migratory tendency as potential explanatory vari-
ables.

Results

Consistency of migratory tendency

To determine whether migratory tendency varied among
age classes, we examined migratory tendency of 74 known-
age adult owls (35 females, 39 males) and 90 hatch-year
owls (40 females, 50 males) during 2004–2006. We found a
signiWcant interaction between age and sex on migratory
tendency (partial P = 0.008 for age £ sex interaction from
logistic regression; Fig. 1). Age was negatively associated
with the tendency to migrate for owls of both sexes (partial
P < 0.001 for age) and adult males were less likely to
migrate than females for all age classes (partial P = 0.036
for sex). Nearly all adult males (i.e., second year and older)
were non-migratory, while females showed a steady mono-
tonic decline in migratory tendency with age. We failed to
detect a diVerence in migratory tendency between male and
female hatch-year owls.

We obtained data on migratory tendency in two succes-
sive winters (2004–2006) for 86 adult owls (48 males, 38
females). Of the 17 adult owls (eight males, nine females)
that left the study area during winter 2004–2005, 53%
migrated again during winter 2005–2006. Of the 69 owls
that overwintered on the study area in 2004–2005, 99%
overwintered again in 2005–2006 (Fig. 2). This relationship
was highly signiWcant after controlling for the eVect of food

treatment (�2 = 29.13, P < 0.001), but food treatment had
no eVect after controlling for the eVect of prior-year migra-
tory tendency (�2 = 0.07, P = 0.795). Males (63%) were
more likely than females (33%) to switch from migrant to
resident the subsequent year.

Heritability of migratory tendency

We used migratory tendency of 43 returning hatch-year
owls for which we were also able to determine the migra-
tory tendency of both parents. Neither of the two explana-
tory variables in our logistic regression model (paternal
migratory tendency and maternal migratory tendency) were
signiWcant predictors (P = 0.226 and P = 0.689, respec-
tively) of oVspring migratory tendency. The oVspring of
both migrant (n = 14) and resident (n = 29) females were
about equally likely to migrate (Fig. 3a). Fifty percent of
the oVspring of resident males (n = 38) migrated, and only
one of the Wve oVspring of migrant males (n = 5) migrated
(Fig. 3b).

Discussion

Our results provide support for a condition-dependent con-
trol mechanism underlying burrowing owl migratory ten-
dency. We found that hatch-year owls were more likely to
migrate than adults, the probability of migrating decreased
with age in owls of both sexes, and adult males were sig-
niWcantly less migratory than females at all ages. While the
number of 3- and 4-year-old owls in our sample was rela-
tively small, our results were nonetheless consistent with
those of other studies of partial migrants (Lack 1943, 1944;

Fig. 1 EVect of age on migratory tendency of male and female bur-
rowing owls in southern Arizona, USA, 2004–2006. Sample sizes for
bars from left to right: 40, 50, 15, 25, 13, 13, 7, 1
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Fig. 2 Change in migratory tendency of individual adult burrowing
owls across two winters in southern Arizona, USA, 2004–2006. Bars
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Ketterson and Nolan 1976; Gauthreaux 1982; Schwabl
1983; Smith and Nilsson 1987; Adriaensen and Dhondt
1990; Cristol et al. 1999). A greater tendency to migrate
among hatch-year birds could reXect a heritable matura-
tional process whereby migratoriness decreases with age
(Berthold 1991), but that would not explain why only
slightly more than half of the hatch-year birds in our study
migrated. Alternatively, this pattern may reXect a behav-
ioral dominance mechanism whereby subordinate owls are
excluded from wintering sites by older owls (Cristol et al.
1999; Bell 2005). Experimental removals of wintering
adults would provide a useful approach to test this behav-
ioral dominance hypothesis.

We found that individual owls sometimes changed their
migratory status. Nearly half (47%) of adult owls that
migrated out of our study area during the winter of 2004–
2005 changed strategies and overwintered during 2005–2006.
In contrast, 68 of 69 owls that overwintered in 2004–2005
overwintered again in 2005–2006. A similar one-direc-
tional change in migratory tendency has been observed in
European blackbirds (Schwabl 1983; Harper 1985). These
Wndings provide further evidence that burrowing owl
migratory tendency is a behaviorally plastic, condition-
dependent trait. We recommend that future studies examine
why resident owls rarely become migratory in a subsequent
year, for example, by evaluating whether residency confers
an advantage during the subsequent breeding season as it
does in Tengmalm’s owls Aegolius funereus (Korpimaki
1987); sparrowhawks Accipiter nisus (L.) (Newton and
Marquiss 1983; Newton 1985), and great tits Parus major
(Sandell and Smith 1991).

Interpretation of studies of migratory tendency based on
band resighting must consider the possibility that some
individuals not seen during winter may have been present
but went undetected (Williams et al. 2002). By restricting
our analysis to owls that were detected during two consecutive

breeding seasons, owls that had died or those that perma-
nently emigrated were not included in our analysis. It is
possible that we failed to detect some banded owls that
were present on our study sites during winter (i.e., misclas-
siWed some residents as migrants because we failed to
detect them during winter). However, several lines of evi-
dence suggest that our detection probability during winter
was very high, and that most if not all owls classiWed as
migrants in our sample were in fact absent from our study
sites. First, our survey eVort was exhaustive and included
weekly visits throughout the year to all known burrow loca-
tions, underground observation of burrows with an infrared
probe, and extensive winter trapping. These methods
allowed us to locate and identify banded owls at virtually
all burrows that had any signs of occupancy. Second, only
one banded owl in our sample (an adult female) was
observed on only one occasion during winter, while all oth-
ers were resighted on multiple occasions. Third, several
patterns we observed corroborated other studies of partial
migrants and hence lend conWdence to our monitoring
approach: migratory tendency decreased with age, and
female owls were more migratory than males. Moreover,
68 of 69 owls that were resident in one year were resident
the subsequent year, but only eight of 17 migrants were
residents in the subsequent year. If detection probability
during winter was a signiWcant problem, we would have
expected it to plague both groups equally (i.e., we would
have failed to detect more of the 69 owls that were residents
in winter 2004–2005 during the subsequent winter and mis-
takenly classiWed them as migrants).

Our results suggest low heritability of migratory ten-
dency in burrowing owls. Returning Wrst-year owls at both
study sites were about equally likely to migrate during their
Wrst winter regardless of the migratory tendency of either
parent. While the small number of migrant male parents in
our sample is too small to permit strong inference, the low

Fig. 3 Percent of migrant 
hatch-year burrowing owls 
produced by migrant and resi-
dent a female and b male parents 
in southern Arizona, USA, 
2004–2006
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percentage (20%) of migrant oVspring they produced is the
opposite of what we would expect if migratory tendency
had high heritability. This suggests that the observed varia-
tion in burrowing owl migratory tendency is due either to
environmental variation or to a combination of environ-
mental and non-additive genetic variation (i.e., that portion
of genetic variation that does not contribute to heritability;
Frankham et al. 2002).

The results of our Weld study contrast with the Wndings
of laboratory studies of other migratory birds reporting high
heritability of behavioral and physiological components of
migration, such as the intensity and duration of Zugunruhe
(Berthold et al. 1990; Helbig 1991; Berthold and Pulido
1994; Pulido et al. 1996). DiVerences between laboratory
and Weld studies regarding the heritability of migratory ten-
dency may reXect: (1) diVerences in the actual behaviors
measured (laboratory studies have focused on orientation
and vigor of Zugunruhe, rather than on migratory tendency
per se); (2) diVerences in the species and populations exam-
ined (e.g., completely migratory populations might exhibit
less intraspeciWc variation in, and higher heritability of,
migratory behaviors compared to partially migratory popu-
lations); or (3) that individuals inherit behavioral plasticity
for migratory tendency that enables them to respond to var-
iation in environmental and social conditions (Lundberg
1988; Adriaensen et al. 1990; Kaitala et al. 1993; Coppack
and Both 2002; Coppack et al. 2003).

Our study is one of the Wrst to assess the heritability of
migratory tendency directly in a wild population of birds
(but see Nice 1937; Dhondt 1983; Schwabl 1983; Berthold
1984). The sample size used in our parent–oVspring logistic
regression was limited given the relatively low proportion of
migrant adults (especially males) in our study populations,
but the concordance of our other results with those of prior
studies makes us conWdent that migratory tendency has low
heritability in burrowing owls. We encourage additional
studies of migratory tendency in wild populations of birds to
help shed more light on the extent to which migratory ten-
dency (measured directly, as done here) is genetically con-
trolled. Future research should focus on a variety of species
with all types of migration strategies, but particularly on
species whose migration strategies vary geographically.
In burrowing owls, we recommend future studies examine
the heritability of migratory tendency in populations with
roughly equal proportions of migrants and residents, such as
those in southern Washington and the northern Great Plains
(Conway et al. 2006). Studies that include larger numbers of
individuals and longer time frames would also help reveal
the extent to which the proportion of migrants varies over
time within individual populations.

Given our lack of support for genetic control of migratory
tendency in burrowing owls, one might expect supplemental
food to alter migratory tendency. However, supplemental

food did not aVect migratory tendency in any of our analy-
ses. A larger sample of birds may be necessary to detect an
eVect of supplemental food on migratory tendency in bur-
rowing owls. Regardless, any evidence that supplemental
food aVects migratory tendency in burrowing owls would
only lend added support to the primary conclusion of this
paper: that migratory tendency has low heritability and
appears to be under conditional control in burrowing owls.

The evidence for individual behavioral plasticity in
migratory behaviors provided by this and other studies
(e.g., Coppack et al. 2003) provides some hope that birds
will be able to respond Xexibly and relatively quickly to
environmental change. However, we cannot assume that
these responses will necessarily improve the probability of
persistence without a better understanding of reaction
norms for speciWc traits within individual species (van
Noordwijk et al. 2006). Furthermore, climate and land-use
changes could adversely aVect migratory birds through
decoupling of the proximate cues and ultimate processes
that aVect migratory decisions (Coppack and Both 2002;
Gienapp and Visser 2006). For example, altered climatic
conditions may cause some birds to arrive earlier to breed,
but earlier arrival times may not correspond to an advanced
peak in food availability. Indeed, spring arrival and other
aspects of avian breeding phenology no longer coincide
with peak resource availability in some species and these
changes have been shown to have Wtness consequences
(Both et al. 2006; Visser et al. 2006). We need to increase
our understanding of the various ways in which migratory
birds may respond behaviorally to environmental change, at
both the individual (plasticity) and population (selection)
levels, so that we can predict how future environmental
changes will aVect species’ persistence.
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