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Abstract
For migratory animals, conditions during the nonbreeding period may carry-over to influ-

ence spring migration performance. Animals in low-quality habitats are predicted to be in

poorer condition, show later migration timing, and travel at slower speeds. This can result in

subsequent negative effects on fitness. We tested the hypothesis that nonbreeding season

body condition and habitat quality carry-over to affect spring migration performance of a

long-distance migratory songbird, theWood Thrush (Hylocichla mustelina). We tracked indi-

vidual birds between multiple breeding sites in North America and nonbreeding sites in Cen-

tral America. First, we compared body condition of nonbreeding birds migrating to the same

general region of the breeding range with spring migration performance (timing, speed, and

duration) obtained from light-level geolocators. Second, we assessed the Normalized Dif-

ference Vegetation Index (NDVI) as a proxy for nonbreeding habitat quality, and predicted

that birds from wetter habitat or in wetter years (higher NDVI) would show improved migra-

tion performance relative to birds from drier sites. We found no evidence of individual-level

carry-over effects of nonbreeding season body condition on spring migration performance.

Lower NDVI of nonbreeding habitat resulted in delayed spring migration departure, but this

effect disappeared by arrival at breeding sites. Birds occupying drier nonbreeding sites

migrated faster and for fewer days, compensating for their relatively late departure. We also

documented a broader pattern in NDVI and migration timing and distance, in that birds that

occupied the wettest areas in the southern part of the nonbreeding range departed signifi-

cantly later and migrated farther. Our results suggest that individual carry-over effects of

nonbreeding habitat quality may be compensated for by a faster and shorter migration strat-

egy. At a broad scale, consistently later spring timing and longer migration distances were

associated with the wettest areas (the highest quality habitats) of the Wood Thrush non-

breeding range. This supports the theory that high-quality habitats offset the costs of farther

migration, resulting in a leap-frog migration pattern.
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Introduction
It has been demonstrated theoretically [1] and with field data [2–4] that events and processes
in one part of an animal’s life cycle can carry-over to influence fitness in subsequent parts of
the life cycle [5]. In migratory birds, occupancy of low-quality habitat during the nonbreeding
season can result in poor physiological condition at spring migration departure [6], which in
turn can influence survival to the next year [7]. Spring departure date from tropical nonbreed-
ing sites is often strongly linked to arrival date at breeding sites [8, 9] which is an important
predictor of subsequent reproductive success [10]. Therefore carry-over effects that alter
migration speed or timing (e.g. date of departure from nonbreeding site, arrival date at breed-
ing site) can have serious consequences for individual fitness and population dynamics [11–
13].

One limitation of studies of nonbreeding site carry-over effects is that tracking small birds
from start-to-finish on spring migration was not possible until the recent miniaturization of
tracking devices [14]. Previous studies have relied on spring migration departure dates [15] or
timing of arrival at stopover sites [16, 17] as proxies for overall individual migration perfor-
mance. Other studies have found links between individual performance at breeding sites and
former nonbreeding habitat quality measured indirectly through stable-isotope analysis [18] or
remote sensing [3]. There is evidence for strong endogenous control of spring migration timing
[19–21], suggesting that carry-over effects might be constrained by endogenous programs. It is
also possible that effects of environmental conditions at nonbreeding sites may not be mani-
fested until after migration departure [22]. Therefore it is important to measure spring migra-
tion behaviour along the entire journey to assess if carry-over effects from nonbreeding sites
occur at any point from departure to arrival at breeding sites.

We tested the hypothesis that nonbreeding habitat quality would carry-over to affect spring
migration performance by tracking individual Wood Thrushes (Hylocichla mustelina Gmelin,
JF, 1789) over their entire spring migration to their breeding sites. Wood Thrushes are a rap-
idly declining forest songbird that breeds in eastern North America [23]. Threats related to
nonbreeding season habitat are not well understood [24], although it is known that the core
nonbreeding range for Wood Thrush has undergone extensive deforestation [25]. The month
prior to spring departure is the most likely time period to cause carry-over effects on spring
migration. Geolocator tracking has shown that Wood Thrushes in Central America typically
depart on migration in early April [9]. Prior to departure, birds require sufficient resources to
undergo lipogenesis and muscle hypertrophy in preparation for migration [26]. Habitat tends
to be at its least productive in Mar-Apr, as it is the peak of the dry season in Central America
[27]. Carry-over effects of late nonbreeding season (March) rainfall on spring migration depar-
ture date of Neotropic-Nearctic migrant songbirds have been shown in other species [15].
Body condition of Wood Thrushes is variable late in their nonbreeding period (dry season),
and declines in parallel with habitat moisture and food availability (both arthropods and fruit)
[27], suggesting that carry-over effects on spring migration could occur. Furthermore, climate
change models project decreased rainfall and stronger dry seasons in northern Central America
[28, 29], underlining the importance of understanding if habitat moisture affects Wood
Thrushes via carry-over effects on spring migration performance.

We used three approaches to examine effects of nonbreeding habitat on Wood Thrushes.
First, we assumed that birds occupying low-quality nonbreeding territories would exhibit poor
body condition compared to birds occupying high-quality territories [30]. Therefore, we tested
for effects of body condition of individual Wood Thrushes on their spring migration perfor-
mance, which we assessed by measuring timing, overall speed, duration (days travelled), and
distance (km travelled). We predicted that birds in poorer condition would show later
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migration departure [6, 15] and subsequent timing over the entire migration route resulting in
delayed breeding arrival [2]. We also predicted poor nonbreeding conditions would result in
birds spending more days on migration [31], and traveling at a slower speed (total distance/
duration). There are several alternative predictions for the effects of nonbreeding conditions
on migration distance; birds in poor condition may be physiologically unable to migrate long
distances, or they may arrive when breeding territories are already saturated (owing to later
timing) or stopovers depleted of food, and be forced to travel further. However, given the
expected high physiological costs of migration itself, we predicted that birds in poorer condi-
tion would be more likely to opt for shorter duration, even if it resulted in an individual settling
in saturated habitat.

Second, we compared habitat quality of nonbreeding sites to migration performance for
birds tracked from the same breeding site in Pennsylvania (USA). We measured habitat quality
remotely for these individuals by using the Normalized Difference Vegetation Index (NDVI), a
satellite-derived index of habitat moisture that correlates with primary productivity and leaf
area [32]. Primary productivity is an important predictor of arthropod abundance in tropical
forests [33], and thus NDVI can provide an index of overall habitat quality [3]. Wood Thrushes
also consume fruit during the nonbreeding season; however, we found that both fruit and
arthropod resources declined in abundance in parallel with seasonal moisture [27]. We pre-
dicted that individual Wood Thrushes occupying nonbreeding regions with lower NDVI in
March (prior to spring migration departure) would show negative carry-over effects on spring
migration, such as later departure, slower migration speed, longer duration, shorter migration
distance, and later arrival at breeding sites, relative to birds breeding at the same site but occu-
pying wetter nonbreeding habitats.

Finally, we examined carry-over effects by assessing migration timing and performance for
two widely separated nonbreeding populations, in Belize and Costa Rica. We predicted that in
drier years the average migration performance within populations would be lower (e.g., mean
departure date would be later), similar to overall later migration and or breeding phenology
observed in other species in dry or drought years [31, 34]. We also predicted that between-pop-
ulation differences in migration performance would be related to differences in NDVI, in that
nonbreeding sites that are consistently wetter would support consistently better migration per-
formance of birds from that site. Wood Thrush exhibit a leap-frog migration pattern [25, 35];
therefore, we predicted that birds from Costa Rica should have a longer migration distance
than birds from Belize. The longer migration of the Costa Rican Wood Thrushes can be sup-
ported if the costs are offset by increased resource availability in wetter forest [36, 37]. If this
longer migration distance is supported by higher quality habitat (i.e. higher NDVI), we also
expected Costa Rica birds to show overall better migration performance relative to Belize birds
(e.g. faster, shorter duration, fewer stopovers). For timing, we expected that selection would
favour later migration timing for Costa Rica birds, given that their more northerly breeding
sites would be less advanced in phenology than southern breeding sites of Belize birds [38].

Overall, we aimed to provide multiple tests of the hypothesis that nonbreeding processes
affect migration patterns of Wood Thrushes, by using direct tracking of birds from multiple
breeding and nonbreeding sites. We are also explored how nonbreeding habitat quality may
contribute to the leap-frog migration pattern documented in this species. Wood Thrushes are a
species of conservation concern in many jurisdictions e.g., [39]). Carry-over effects have poten-
tial to influence reproductive success of this species, if nonbreeding habitat results in delays in
breeding arrival [34]. Furthermore, climate change is predicted to result in more very dry sea-
sons (< 50% usual rainfall), increased frequency of drought, and drier rainy seasons in Central
America [29], and thus, negative carry-over effects of nonbreeding habitat have the potential to
be amplified in future. If the leap-frog migration pattern is indeed correlated with broad-scale
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differences in nonbreeding habitat quality, changes in moisture patterns in Central America
could weaken this species-wide pattern, with implications for population dynamics [40, 41].

Materials and Methods

Ethics statement
The York University Animal Care Committee approved all protocols for this research. Field
permits were obtained from the Belize Forest Department and MINAE in Costa Rica. Permis-
sion to use bird bands on migratory species in Central America was obtained from the Bird
Banding Office in Canada.

Field methods
Wood Thrushes were captured for geolocator-tagging at the Belize Foundation for Research
and Environmental Education (BFREE, 16.5°N, -88.7°W, www.bfreebz.org) in the Toledo dis-
trict of Belize, Central America, over the course of 4 nonbreeding seasons, from 2010 to 2013
(n = 166). For our range-wide sample, birds were also captured at Hemlock Hill Biological Sta-
tion (41.8°N, -79.9°W), in Pennsylvania, USA, during the 2008–2011 breeding seasons (n = 96)
and tracked to multiple nonbreeding sites, and at La Selva Biological Station (10.4°N, -84.0°W)
in Costa Rica over three nonbreeding seasons, from 2009 to 2012 (n = 109) and tracked to mul-
tiple breeding sites. Geolocators (British Antarctic Survey model MK14S, 1.6g, 10–15mm stalk
length) were deployed on birds by using a Teflon ribbon leg-loop harness, custom fit to each
bird. We attempted to recapture all birds with geolocators one year later, at deployment loca-
tions. Once recaptured, we removed the geolocators and released the birds.

Individual birds were also marked with metal and plastic leg bands for identification in the
field and upon recapture. Birds captured outside of the breeding season were genetically sexed
by polymerase chain reaction (PCR) amplification of sex-linked genes [42] using a small blood
or feather sample see detailed methods in [43]), and birds were aged as juvenile (first-year) or
older by examination of plumage characteristics [44].

Geolocator analysis
Geolocator data were downloaded and analysed using the light-threshold method, following
methods by McKinnon et al. [45]. We extracted 6 spring migration variables from the light
data for further analyses: last noon at nonbreeding site (‘departure date’), first noon north of
the Gulf of Mexico (‘cross date’), first noon at breeding site (‘arrival date’), total migration dis-
tance (km), total migration duration (days), and overall migration speed (km/d). To calculate
migration distance, we used a straight-line measure starting at nonbreeding sites and connect-
ing stopovers (i.e.� 2 noon locations differing by less than 2° in longitude), until arrival at
breeding sites. Arrival (and departure) dates were determined by examining locations to assess
when longitudes varied by< 2°, latitudes were within the known breeding or wintering range,
and location remained consistent for the duration of the recorded breeding or wintering
period. When we had data available for periods when birds were known to be at breeding or
wintering sites, we used the standard deviation in latitude and longitude to assess the typical
variation at a stationary point and used this standard deviation to help define arrival and
departure dates (i.e. locations shifting 2° or more than the expected variation at a given station-
ary site were considered to have left that site). For birds captured at our breeding study site
(Pennsylvania), we calculated the location of nonbreeding home ranges by taking the average
latitude and longitudes for January and February, using a nonbreeding-site calibrated sun ele-
vation [45]. For birds captured at both nonbreeding study sites (Costa Rica and Belize), we
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used a similar approach to calculate the average latitude and longitude for June and July, using
a breeding-site calibrated sun elevation [45].

Body condition (Belize site only)
For birds captured during the dry season in Belize, we measured the metatarsus bone to the
nearest 0.1mm, and weighed each bird to the nearest 0.1g. We also scored fat levels on a scale
from 0–7, following established protocols for monitoring nonbreeding migratory birds [46].
Following methods of other studies on nonbreeding migrants e. g., [30, 47, 48]) we determined
body condition by calculating the estimated lean mass of each individual using an equation
derived from a regression of fat-free bird weight versus tarsus. We then calculated each bird’s
predicted lean mass based on its tarsus length, and compared the actual weight of the bird to
the predicted lean mass. The difference was converted to a percentage for easier interpretation,
i.e. a condition index of 8.6% indicates a bird is 8.6% larger than its expected lean mass.

Since we captured each individual bird on a different day relative to its departure date (on
average, 55 days before departure, range of 24–95 days), we adjusted the body condition of
each to account for difference in capture date. Previous work [27] found that Wood Thrush
body condition (% predicted lean body mass) at our study site declined significantly over the
nonbreeding, at a rate of 0.04% per day (95% confidence intervals: 0.02–0.05). Therefore we
multiplied the number of days between capture and departure date by -0.04% to estimate
departure body condition for each bird. This resulted in a decrease in the lean mass of 2.2%, on
average (range of 0.96–3.64%), from the date of capture to the known departure date.

Normalized Difference Vegetation Index analyses
To determine an estimate of habitat moisture for different nonbreeding regions, we used the
Normalized Difference Vegetation Index (NDVI). This commonly-used ecological index is
derived from satellite imagery, and higher values indicate increased leaf area and primary pro-
ductivity [32]. Central American NDVI data for March from 2009–2013 were downloaded
from the Land Processes Distributed Active Archive Center (lpdaac@usgs.gov), and clipped to
the Wood Thrush nonbreeding range (natureserve.org) by using ArcGIS 10 (ESRI). In ArcGIS,
we created a 100-km radius buffer around the estimated nonbreeding home range of each
Wood Thrush from our PA breeding site. This accounts for most error in geolocator position
for birds tracked from breeding to nonbreeding sites [45]. Within this 100-km radius circle we
extracted all NDVI values, and calculated the average NDVI. For our two Central American
study sites, we used a 100-km buffer centred on each field station (BFREE in Belize, and La
Selva Biological Station in Costa Rica) for a comparable NDVI average. We used March NDVI
values for all, as this is the last month that Wood Thrushes were resident at their nonbreeding
sites before departing on spring migration and previous work has found that rainfall in March
predicts departure dates in another Neotropical migrant [15].

Statistical analyses
Previous studies onWood Thrushes have documented no effect of geolocators on return rates
[25] or short-term (i.e. within-nonbreeding season) effects on body condition [49]. To assess if
birds that survived to return to our study sites with geolocators were larger than average (i.e. if
geolocators disproportionately affected survival of smaller birds, for example) we compared
the pre-migration body condition of returning birds in Belize with that of all birds captured
during the dry season in Belize by using a t-test (both groups were normally distributed accord-
ing to a Shapiro-Wilk normality test; W = 0.99, P = 0.20 and W = 0.96, P = 0.43 for dry-season
birds and returning geolocator birds, respectively).
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To determine if late season Wood Thrush body condition in Belize predicted subsequent
migration performance, we used general linear mixed models (GLMMs) with spring migration
variables as responses and Belize Wood Thrush departure condition as our predictor of inter-
est. Since both age and sex have strong effects on migration timing and stopover behaviour
[49], we also included these as independent fixed effects. We included year of migration and
the identity of the individual bird as random effects.

To quantify patterns in NDVI for the Wood Thrush nonbreeding range overall, we used
simple linear models with NDVI of all Wood Thrush nonbreeding sites as the response and lat-
itude and longitude as predictors. For comparison of NDVI values to migration performance
of birds, we conducted separate analyses for breeding site versus nonbreeding site deployments.
For breeding site birds (Pennsylvania USA deployments), we used GLMMs with spring migra-
tion variables as responses, March NDVI and sex as fixed effects, and individual as a random
effect. We used the March NDVI from the specific year in which each bird was tracked, there-
fore we did not include year as a separate factor. We did not include age in this analysis since
all birds were adults undergoing spring migration for at least their second time. For nonbreed-
ing site birds (Belize and Costa Rica deployments), we used a similar approach but we nested
March NDVI by study site, to examine if yearly variation in NDVI within each site was associ-
ated with effects on population-level migration performance. We also ran the model without
nesting to determine if across sites higher NDVI was related to better spring migration perfor-
mance. All statistical analyses were performed by using program R [50] and means are reported
with standard error unless otherwise stated. For mixed effects models, we used the package
lmerTest [51] to generate P-values and degrees of freedom for fixed effects by using Sat-
terthwaite’s approximations.

Results
We recaptured 86 Wood Thrushes wearing geolocators. Some geolocators failed to record any
usable data, therefore our final sample size was: n = 26 (Belize, including 3 birds tracked twice),
n = 21 (Costa Rica, including 4 birds tracked twice), and n = 23 (Pennsylvania including 5
birds tracked twice). Since it is only possible to obtain migration information from birds that
survive to return to study sites, this may have biased our results to individuals in better body
condition and perhaps better able to carry geolocators. We tested for this by calculating an esti-
mated condition index for all birds captured in Belize during the dry season (n = 190), and
compared with the condition of birds that returned with geolocators. The difference in condi-
tion was not significant (t-test, t = -0.37, df = 32.1, P = 0.71); birds that subsequently returned
wearing geolocators were on average 3.8% above their expected lean body mass during the dry
season prior to spring migration, while birds that did not return with geolocators had a condi-
tion index of 3.2%.

Estimated departure body condition of Wood Thrushes in Belize ranged widely from -15%
lean body mass to 23.3% lean body mass. Body condition in Belize was not a significant predic-
tor of an individual bird’s spring migration timing at any stage (Table A in S1 File) when con-
trolling for known age- and sex-effects, and random variation by year and among individuals
(Fig 1A–1C). Likewise, birds in better body condition were not more likely to migrate faster or
for fewer days (Table A in S1 File, Fig 1E and 1F).

NDVI values varied across the nonbreeding range with consistently wetter sites in the east
of the nonbreeding range, and drier sites in the west (r2 = 0.17, F1,30 = 7.50, P = 0.01) (Fig 2B).
There was a trend for sites in the north of the nonbreeding range to be drier as well (estimate of
-100.07 ± 80.81 NDVI for each degree of latitude), but latitude alone was not a significant pre-
dictor of nonbreeding site NDVI (r2 = 0.02, F1,30 = 1.53, P = 0.22) (Fig 2A). The Costa Rica site
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was consistently wetter than that in Belize during the course of our study (2009–2013) (Fig 2C)
over the period from January to April, when most Wood Thrushes are resident. NDVI also

Fig 1. Estimated body condition of Wood Thrushes at a nonbreeding site in Belize and its relationship to migration performance. (a) Spring
migration departure date (n = 26), (b) date individuals crossed the Gulf of Mexico (n = 26), (c) date individuals arrived at their breeding sites (n = 24), (d)
spring migration duration (# of days spent migrating) (n = 24), (e) spring migration distance (km travelled), and (f) spring migration speed (km/d) (n = 24).

doi:10.1371/journal.pone.0141580.g001
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declined from mid- to late season at both sites. NDVI in March correlated significantly with
population-level migration distance of Wood Thrushes tracked from Belize versus Costa Rica
(Fig 2D) in that birds from the wetter site, Costa Rica, migrated on average>1000km farther
than birds from Belize (mixed effects model estimate for the effect of March NDVI on migra-
tion distance: 0.69 ± 0.12, t = 5.66, df = 10.81, P< 0.001).

Breeding birds tracked from Pennsylvania migrated to the central part of the Wood Thrush
range (Fig A in S1 File) [25], to sites with an average ± SE NDVI of 6957 ± 165, and range of
4384–8022, depending on the year and the estimated location of the bird. NDVI values for two

Fig 2. Wood Thrush nonbreeding range patterns in late season (March) NDVI. Average March NDVI across (a) latitudes, and (b) longitudes. (c) NDVI
values throughout the nonbreeding season at study sites in Belize and Costa Rica. (d) Average migration distance (with vertical standard error bars) and
March NDVI (only 1 bird tracked in Belize in 2010; therefore no error bars are shown for this point).

doi:10.1371/journal.pone.0141580.g002
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individuals were very low and statistical outliers (>1.5 times the interquartile range); therefore,
we removed these individuals from model analyses. NDVI in March was a significant predictor
of an individual’s migration timing at departure, in that birds that occupied wetter nonbreed-
ing habitat departed earlier (Fig 3A, Table B in S1 File). However, the relationship between
NDVI and migration timing was no longer apparent mid-migration at the Gulf of Mexico, or
at arrival at breeding sites (Fig 3B and 3C). NDVI in March was a significant predictor of over-
all spring migration duration (Fig 3D, Table B in S1 File), in that birds occupying wetter non-
breeding habitat spent longer on migration. NDVI in Mar was not a predictor of migration
distance within the Pennsylvania-breeding birds (Fig 3E), but overall migration speed (km/d)
was significantly related to nonbreeding NDVI (Fig 3F). In this case, birds occupying wetter
nonbreeding habitat were slower overall (Table B in S1 File).

For Belize and Costa Rica birds, inter-annual differences in NDVI were not related to differ-
ences in within-population spring migration performance (Table B in S1 File). However,
NDVI in March was a significant predictor of migration timing differences between popula-
tions (Fig 4) in all mixed-effects models. Likelihood ratio tests of models for NDVI and migra-
tion timing of birds from Belize and Costa Rica without the random effects of year and
individual identity indicated no significant difference from a simple linear model. Therefore we
used a simple linear model, and found that March NDVI was a significant predictor of spring
migration departure date: birds departed on migration later when occupying wetter habitat at
the Costa Rican site (r2 = 0.32, F3,48 = 8.9, P<0.001). This relationship was even stronger at the
crossing of the Gulf of Mexico and at arrival to breeding sites (gulf cross: r2 = 0.60, F3,52 =
28.02, P<0.001; arrival date: r2 = 0.57, F3,49 = 24.3, P =<0.001). March NDVI was not a pre-
dictor of spring migration duration or speed, either within population (Table B in S1 File) or
between populations (Fig 5) (mixed effects model estimate for duration: -0.003 ± 0.002, t =
-0.17, df = 20.09, P = 0.86; speed: 0.01 ± 0.02, t = 0.46, df = 19.28, P = 0.65).

Discussion
We did not detect any carry-over effects of pre-migration body condition on individual spring
migration performance of a Neotropical migratory songbird (Fig 1). However, variation in
nonbreeding habitat NDVI (indicative of moisture and correlated with food abundance) was a
predictor of spring departure date, spring migration duration, and overall speed for birds
breeding in the same forest patch in Pennsylvania, USA (Fig 3). Annual differences in NDVI at
two nonbreeding sites in Belize and Costa Rica did not correlate with the mean spring migra-
tion performance of birds from those sites, i.e. wetter years did not result in better migration
performance from birds at that site, on average. We documented a broader-scale pattern in
that the Costa Rica Wood Thrushes, which occupied consistently wetter tropical habitat,
migrated farther distances in spring (Fig 2D) and showed later migration timing (Fig 4), rela-
tive to the Belize population. The earlier phenology of breeding sites for Belize birds combined
with an increasingly hostile (dry) nonbreeding habitat likely drives their earlier spring migra-
tion timing relative to Costa Rica birds, which breed further north and occupy higher quality
winter habitat.

Broad variation in body condition of nonbreeding birds in Belize did not correlate with
their individual migration performance, in contrast to our predictions that poor body condi-
tion would cause negative carry-over effects on migration performance. In American Redstarts
(Setophaga ruticilla), another small Neotropical migratory songbird, a decline in body condi-
tion of 8% over the nonbreeding season resulted in a 6-day delay in spring migration departure
[52]. A recent study of Black-and-White Warblers (Mniotilta varia) at a migration stopover
found a more complex relationship between body condition and migration performance; birds
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arriving first (i.e. better migration performance) were in poorer condition than those arriving
later, but birds arriving during the mid-migration period were in the best body condition [17].
Thus body condition may be related to overall migration strategy. For example, Wood
Thrushes from Belize may use a strategy that entails fuelling up at stopovers in the northern
Yucatan peninsula or elsewhere, and compensating en route for any differences in departure
condition. It is also possible that Wood Thrushes from Belize, which migrate relatively short
distances (~3300km on average, range 2200–4800km) to breed in south-eastern U. S. may not
require high levels of fat or muscle required for longer-distance migrations. Regardless, carry-
over effects of nonbreeding body condition on individual migration performance were not
apparent.

We found some support for our predictions when assessing NDVI of nonbreeding habitat
for Wood Thrushes from the same breeding site. NDVI was correlated with migration depar-
ture, duration, and rate, but not other measures of timing or distance. That the correlation with
migration timing was not apparent beyond departure dates (and critically, not at breeding
arrival), suggests that birds may be able to compensate for delays caused by poor-quality habi-
tat. In fact, the birds occupying relatively dry sites left later, but they also spent less time on
migration and travelled more quickly, indicating that they can compensate for a later start. Fur-
ther studies of start-to-finish migration strategies could elucidate whether an early-but-longer
migration has greater fitness benefits than the late-start, faster migration strategy.

We also found a significant relationship between NDVI and migration performance when
comparing birds from Belize and Costa Rica. These two study sites were consistently different
in terms of habitat moisture (Belize always drier) and in migration strategy (Belize birds
migrated shorter distances, and migrated earlier). This broad-scale relationship likely contrib-
utes to the range-wide parallel, leap-frog migration system documented in this species [25, 35],
where birds occupying nonbreeding sites further southeast migrate farthest northeast to breed.
The disadvantage of occupying a relatively dry region (e.g. Belize) could be compensated for by
the fact that these populations can start breeding earlier. Staying longer at relatively productive
nonbreeding sites, e.g. Costa Rica, would allow for greater pre-migratory fattening that could
reduce the number of spring stopovers [53]. Indeed, despite a longer migration on average,
Costa Rica Wood Thrushes stopped for about the same number of nights as Belize Wood
Thrushes (McKinnon, Stanley, and Stutchbury, unpublished data). Wood Thrushes occupying
nonbreeding sites further south also have longer wings [35], indicating that these populations
have evolved morphological adaptations for longer migratory flights [54].

The mechanisms driving the evolution of leap-frog migration, a pattern that is widespread
within and among species, are still not well understood [55]. In the case of Wood Thrushes,
asymmetric competition would not appear to drive the pattern, as birds occupying nonbreed-
ing habitat in the north of the range (Belize) are smaller than those in the south (Costa Rica)
[35]. Furthermore, Wood Thrushes from Costa Rica and Belize tracked for our study arrived to
the Tropics in fall at approximately the same time (median date crossing into the Tropics,
Belize Wood Thrushes: 16 Oct, range 9–28 Oct; Costa Rica Wood Thrushes: 18 Oct, range 2
Oct—1 Nov), giving neither group a competitive advantage at northern nonbreeding sites in
terms of timing (Fig B in S1 File). Instead we suggest the observed gradient in nonbreeding
habitat quality (Fig 2), combined with differences in breeding phenology and thus migration
timing (Fig 4), are the drivers of the leap-frog migration pattern in this species, in that higher

Fig 3. Nonbreeding site NDVI and springmigration performance for Wood Thrushes that bred at the same site in Pennsylvania, USA.Migration
measures include: (a) date of departure from nonbreeding site (n = 21), (b) date crossing the Gulf of Mexico (n = 24), (c) date of arrival at breeding sites
(n = 23), (d) spring migration duration (# of days on migration) (n = 21), (e) spring migration distance (km travelled), and (f) spring migration rate (km/d)
(n = 21).

doi:10.1371/journal.pone.0141580.g003
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Fig 4. March NDVI and springmigration timing of Wood Thrushes occupying nonbreeding sites in
Costa Rica (CR) and Belize (BZ). Timing was measured at three points: (a) departure from nonbreeding
sites, (b) date crossing the Gulf of Mexico, and (c), and arrived at their breeding sites later. Points show
means from tracked birds each year with standard error (except for one year in Belize with only 1 individual
tracked and no error bars).

doi:10.1371/journal.pone.0141580.g004
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Fig 5. March NDVI and averagemigration duration (a) andmigration speed (b) for Wood Thrushes tracked from Belize and Costa Rica. Points show
mean values for each year by site with vertical standard error bars.

doi:10.1371/journal.pone.0141580.g005
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quality habitats in the south of the nonbreeding range support longer migrations, while rela-
tively low-quality habitats constrain birds to leave earlier and migrate shorter distances [36,
37].

Several studies have shown that birds in the same breeding population that arrive from
more wet nonbreeding habitats (inferred from stable isotope analysis) produce more young [2,
3, 18], an effect mediated by earlier migration timing [17], such that they arrive at breeding
sites earlier. However, a study using stable isotopes to infer migratory connections of an Arc-
tic-breeding population of YellowWarblers (Setophaga petechia) did not detect any carry-over
effects of nonbreeding habitat on arrival date or reproductive success [56],. Carry-over effects
of nonbreeding habitat moisture (assessed by stable isotope analysis) were also undetected in
Magnolia Warblers (Setophaga magnolia) captured during spring migration [57]. Recent year-
round tracking of a long-distance migratory shorebird did not detect any individual-level
carry-over effects of delayed spring migration on survival or breeding success and suggested
that this may be a result of strong selection on endogenous programs for optimal timing of
arrival at breeding sites [58]. All of these results suggest that individual-level carry-over effects
may vary in strength (or detectability) by species, based on distribution, habitat requirements,
or variation in the strength of endogenous control of migration.

Overall our results show that carry-over effects of nonbreeding body condition are absent in
our study population, and that nonbreeding habitat moisture has some effects on migration
strategy (wetter nonbreeding territories associated with earlier departure, longer duration and
slower speed for birds from the same breeding population) but does not affect breeding arrival
date. Our data also suggest that the species-level parallel, leap-frog migration pattern in Wood
Thrushes could be driven by a range-wide gradient in nonbreeding habitat quality combined
with differences in breeding site phenology. This pattern results in populations occupying non-
breeding habitat further southeast in more productive habitat migrating further and later than
populations occupying drier habitat to the north. This hypothesis could be further explored in
other species that show a gradient in nonbreeding habitat quality over a broad geographical
area that would produce migration distance differences.

Supporting Information
S1 File. General linear mixed effects model results for tests of body condition as a predictor
of spring migration performance of individual Wood Thrushes from a study site in Belize
(Table A). Results of mixed effects linear models of the effect of March NDVI on individual
migration performance for Wood Thrushes from the same breeding site (PA = Pennsylvania)
and population-level migration performance at two nonbreeding sites (BZ = Belize,
CR = Costa Rica) (Table B). Migratory origins and destinations of birds breeding in Pennsylva-
nia and from nonbreeding sites in Belize and Costa Rica (Figure A). Histogram of arrival dates
to the Tropics (first date south of 24.5°N) for Wood Thrushes that eventually occupied non-
breeding sites in Belize and Costa Rica (Figure B).
(DOCX)

Acknowledgments
We thank S. Barretto for GIS analysis, many field technicians and volunteers at Hemlock Hill
Biological Station (PA), Belize Foundation for Research and Environmental Education
(BFREE, Belize), and La Selva Biological Station (Costa Rica). Teams led by E. A. Gow and M.
P. MacPherson deployed and retrieved geolocators in Pennsylvania. K. C. Fraser, G. Fraser, L.
Packer, C. Morrissey, and A. Sandberg provided helpful comments on earlier drafts of this

Carry-Over Effects of Nonbreeding Habitat on Songbird Spring Migration

PLOS ONE | DOI:10.1371/journal.pone.0141580 November 3, 2015 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141580.s001


manuscript. N. Senner and one anonymous reviewer provided thoughtful and constructive
comments.

Author Contributions
Conceived and designed the experiments: EAM BJMS. Performed the experiments: EAM CQS
BJMS. Analyzed the data: EAM. Contributed reagents/materials/analysis tools: BJMS. Wrote
the paper: EAM CQS BJMS.

References
1. Norris DR. Carry-over effects and habitat quality in migratory populations. Oikos. 2005; 109(1):178–86.

2. Norris DR, Marra PP, Kyser TK, Sherry TW, Ratcliffe LM. Tropical winter habitat limits reproductive suc-
cess on the temperate breeding grounds in a migratory bird. Proc Roy Soc B Biol Sci. 2004; 271
(1534):59–64. doi: 10.1098/rspb.2003.2569

3. Saino N, Szep T, Ambrosini R, RomanoM, Moller AP. Ecological conditions during winter affect sexual
selection and breeding in a migratory bird. Proceedings of the Royal Society of London Series B-Biolog-
ical Sciences. 2004; 271(1540):681–6. doi: 10.1098/rspb.2003.2656

4. Stutchbury BJM, Gow EA, Done T, MacPherson M, Fox JW, Afanasyev V. Effects of post-breeding
moult and energetic condition on timing of songbird migration into the tropics. Proc Roy Soc B Biol Sci.
2011; 278(1702):131–7. doi: 10.1098/Rspb.2010.1220

5. Harrison XA, Blount JD, Inger R, Norris DR, Bearhop S. Carry-over effects as drivers of fitness differ-
ences in animals. J Anim Ecol. 2011; 80(1):4–18. doi: 10.1111/j.1365-2656.2010.01740.x PMID:
20726924

6. Marra PP, Holberton RL. Corticosterone levels as indicators of habitat quality: effects of habitat segre-
gation in a migratory bird during the non-breeding season. Oecologia. 1998; 116(1–2):284–92.

7. Angelier F, Holberton RL, Marra PP. Does stress response predict return rate in a migratory bird spe-
cies? A study of American redstarts and their non-breeding habitat. Proc Roy Soc B Biol Sci. 2009; 276
(1672):3545–51. doi: 10.1098/Rspb.2009.0868

8. Callo P, Morton E, Stutchbury BJM. Prolonged spring migration in a long-distance migratory songbird.
Auk. 2013; 130(2):240–6.

9. Stanley CQ, MacPherson MM, Fraser KC, McKinnon EA, Stutchbury BJ. Repeat tracking of individual
songbirds reveals consistent migration timing but flexibility in route. PLOSONE. 2012; 7(7):e40688.
doi: 10.1371/journal.pone.0040688 PMID: 22848395

10. Lozano GA, Perreault S, Lemon RE. Age, arrival date and reproductive success of male American red-
starts Setophaga ruticilla. J Avian Biol. 1996; 27(2):164–70. doi: 10.2307/3677146

11. Drent R, Both C, Green M, Madsen J, Piersma T. Pay-offs and penalties of competing migratory sched-
ules. Oikos. 2003; 103(2):274–92. doi: 10.1034/j.1600-0706.2003.12274.x

12. Klaassen M, Bauer S, Madsen J, Ingunn T. Modelling behavioural and fitness consequences of distur-
bance for geese along their spring flyway. Journal of Applied Ecology. 2006; 43(1):92–100. doi: 10.
1111/j.1365-2664.2005.01109.x

13. Madsen J. Spring migration strategies in pink-footed geese Anser brachyrhynchus and consequences
for spring fattening and fecundity. Ardea. 2001; 89(1):43–55.

14. Stutchbury BJM, Tarof SA, Done T, Gow E, Kramer PM, Tautin J, et al. Tracking long-distance songbird
migration by using geolocators. Science. 2009; 323(5916):896. doi: 10.1126/science.1166664 PMID:
19213909

15. Studds CE, Marra PP. Rainfall-induced changes in food availability modify the spring departure pro-
gramme of a migratory bird. Proc Roy Soc B Biol Sci. 2011; 278(1723):3437–43. doi: 10.1098/rspb.
2011.0332

16. Gonzalez-Prieto A, Hobson KA. Environmental conditions on wintering grounds and during migration
influence spring mutritional condition and arrival phenology of Neotropical migrants at a northern stop-
over site. J Ornithol. 2013; 2013(154):1067–78.

17. Paxton KL, Moore FR. Carry-over effects of winter habitat quality on en route timing and condition of a
migratory passerine during spring migration. J Avian Biol. 2015; 46(5):495–506. doi: 10.1111/jav.00614

18. Rockwell SM, Bocetti CI, Marra PP. Carry-over effects of winter climate on spring arrival date and repro-
ductive success in an endangered migratory bird, Kirtland's Warbler (Setophaga kirtlandii). Auk. 2012;
129(4):744–52.

Carry-Over Effects of Nonbreeding Habitat on Songbird Spring Migration

PLOS ONE | DOI:10.1371/journal.pone.0141580 November 3, 2015 15 / 17

http://dx.doi.org/10.1098/rspb.2003.2569
http://dx.doi.org/10.1098/rspb.2003.2656
http://dx.doi.org/10.1098/Rspb.2010.1220
http://dx.doi.org/10.1111/j.1365-2656.2010.01740.x
http://www.ncbi.nlm.nih.gov/pubmed/20726924
http://dx.doi.org/10.1098/Rspb.2009.0868
http://dx.doi.org/10.1371/journal.pone.0040688
http://www.ncbi.nlm.nih.gov/pubmed/22848395
http://dx.doi.org/10.2307/3677146
http://dx.doi.org/10.1034/j.1600-0706.2003.12274.x
http://dx.doi.org/10.1111/j.1365-2664.2005.01109.x
http://dx.doi.org/10.1111/j.1365-2664.2005.01109.x
http://dx.doi.org/10.1126/science.1166664
http://www.ncbi.nlm.nih.gov/pubmed/19213909
http://dx.doi.org/10.1098/rspb.2011.0332
http://dx.doi.org/10.1098/rspb.2011.0332
http://dx.doi.org/10.1111/jav.00614


19. Gwinner E, WiltschkoW. Endogenously controlled changes in migratory direction of garden warbler,
Sylvia borin. Journal of Comparative Physiology. 1978; 125(3):267–73.

20. Gwinner E. Circannual rhythms in birds. Current Opinion in Neurobiology. 2003; 13(6):770–8. PMID:
14662381

21. Maggini I, Bairlein F. Innate sex differences in the timing of spring migration in a songbird. PLOS ONE.
2012; 7(2):e31271. doi: 10.1371/journal.pone.0031271 PMID: 22312443

22. Tøttrup AP, Thorup K, Rainio K, Yosef R, Lehikoinen E, Rahbek C. Avian migrants adjust migration in
response to environmental conditions en route. Biology Letters. 2008; 4(6):685–8. doi: 10.1098/rsbl.
2008.0290 PMID: 18700199

23. Sauer JR, Hines JE, Fallon JE, Pardieck KL, Ziolkowski DJ Jr, Link WA. The North American Breeding
Bird Survey, Results and Analysis 1966–2010. Laurel, MD: USGS Patuxent Wildlife Research Center,
2012 2-Mar-2009. Report No.

24. Evans M, Gow E, Roth RR, Johnson MS, Underwood TJ. Wood Thrush (Hylocichla mustelina). In:
Poole A, editor. The Birds of North America Online. Ithaca: Cornell Lab of Ornithology; 2011.

25. Stanley CQ, McKinnon EA, Fraser KC, MacPherson MP, Casbourn G, Friesen L, et al. Connectivity of
Wood Thrush breeding, wintering, and migration sites based on range-wide tracking. Conserv Biol.
2015; 29(1):164–74. doi: 10.1111/cobi.12352 PMID: 25052795

26. Berthold P. Bird Migration: A General Survey. 2nd ed. Perrins CM, editor. New York: Oxford University
Press, Inc.; 2001.

27. McKinnon EA, Rotenberg JA, Stutchbury BJM. Seasonal change in tropical habitat quality and body
condition for a declining migratory songbird. Oecologia. 2015; 179(2):363–75. doi: 10.1007/s00442-
015-3343-1 PMID: 26001604

28. Hidalgo HG, Amador JA, Alfaro EJ, Quesada B. Hydrological climate change projections for Central
America. J Hydro. 2013; 495:94–112. doi: 10.1016/j.jhydrol.2013.05.004

29. Fuentes-Franco R, Coppola E, Giorgi F, Pavia EG, Diro GT, Graef F. Inter-annual variability of precipi-
tation over Southern Mexico and Central America and its relationship to sea surface temperature from
a set of future projections from CMIP5 GCMs and RegCM4 CORDEX simulations. Clim Dyn. 2015; 45
(1–2):425–40. doi: 10.1007/s00382-014-2258-6

30. Strong AM, Sherry TW. Habitat-specific effects of food abundance on the condition of ovenbirds winter-
ing in Jamaica. J Anim Ecol. 2000; 69(5):883–95.

31. Tøttrup AP, Klaassen RHG, Kristensen MW, Strandberg R, Vardanis Y, Lindstrom A, et al. Drought in
Africa caused delayed arrival of European songbirds. Science. 2012; 338:1307. doi: 10.1126/science.
1227548 PMID: 23224549

32. Pettorelli N, Ryan S, Mueller T, Bunnefeld N, Jedrzejewska B, Lima M, et al. The Normalized Difference
Vegetation Index (NDVI): unforseen successes in animal ecology. Clim Res. 2011; 46:15–27.

33. Richards LA, Windsor DM. Seasonal variation of arthropod abundance in gaps and the understorey of
a lowland moist forest in Panama. J Trop Ecol. 2007; 23(2):169–76.

34. McKellar AE, Marra PP, Hannon SJ, Studds CE, Ratcliffe LM. Winter rainfall predicts phenology in
widely separated populations of a migrant songbird. Oecologia. 2013; 172(2):595–605. doi: 10.1007/
s00442-012-2520-8 PMID: 23161154

35. Rushing CS, Ryder TB, Saracco JF, Marra PP. Assessing migratory connectivity for a long-distance
migratory bird using multiple intrinsic markers. Ecol Appl. 2014; 24:445+56.

36. Bell CP. Inter- and intrapopulation migration patterns: ideas, evidence, and research priorities. In:
Greenberg R, Marra P, editors. Birds of TwoWorlds: the Ecology and Evolution of Migration. Baltimore,
USA: John Hopkins University Press; 2005. p. 41–52.

37. Bell CP. Leap-frog migration in the fox sparrow: Minimizing the cost of spring migration. Condor. 1997;
99(2):470–7. doi: 10.2307/1369953

38. Alerstam T, Hogstedt G. Spring predictability and leap-frog migration. Ornis Scandinavica. 1980; 11
(3):196–200.

39. COSEWIC. COSEWIC assessment and status report on theWood ThrushHylocichla mustelina in Can-
ada. Ottawa: 2012.

40. Taylor CM, Stutchbury BJM. Effects of breeding versus winter habitat loss and fragmentation on the
population dynamics of a migratory songbird. Ecol Appl. 2015;In press.

41. Alves JA, Gunnarsson TG, Hayhow DB, Appleton GF, Potts PM, SutherlandWJ, et al. Costs, benefits,
and fitness consequences of different migratory strategies. Ecology. 2013; 94(1):11–7. PMID:
23600235

42. Griffiths R, Double MC, Orr K, Dawson RJG. A DNA test to sex most birds. Molecular Ecology. 1998; 7
(8):1071–5. doi: 10.1046/J.1365-294x.1998.00389.X PMID: 9711866

Carry-Over Effects of Nonbreeding Habitat on Songbird Spring Migration

PLOS ONE | DOI:10.1371/journal.pone.0141580 November 3, 2015 16 / 17

http://www.ncbi.nlm.nih.gov/pubmed/14662381
http://dx.doi.org/10.1371/journal.pone.0031271
http://www.ncbi.nlm.nih.gov/pubmed/22312443
http://dx.doi.org/10.1098/rsbl.2008.0290
http://dx.doi.org/10.1098/rsbl.2008.0290
http://www.ncbi.nlm.nih.gov/pubmed/18700199
http://dx.doi.org/10.1111/cobi.12352
http://www.ncbi.nlm.nih.gov/pubmed/25052795
http://dx.doi.org/10.1007/s00442-015-3343-1
http://dx.doi.org/10.1007/s00442-015-3343-1
http://www.ncbi.nlm.nih.gov/pubmed/26001604
http://dx.doi.org/10.1016/j.jhydrol.2013.05.004
http://dx.doi.org/10.1007/s00382-014-2258-6
http://dx.doi.org/10.1126/science.1227548
http://dx.doi.org/10.1126/science.1227548
http://www.ncbi.nlm.nih.gov/pubmed/23224549
http://dx.doi.org/10.1007/s00442-012-2520-8
http://dx.doi.org/10.1007/s00442-012-2520-8
http://www.ncbi.nlm.nih.gov/pubmed/23161154
http://dx.doi.org/10.2307/1369953
http://www.ncbi.nlm.nih.gov/pubmed/23600235
http://dx.doi.org/10.1046/J.1365-294x.1998.00389.X
http://www.ncbi.nlm.nih.gov/pubmed/9711866


43. Chin S, McKinnon EA, Fraser KC, Rotenberg J, Stutchbury BJM. No sex-bias in Wood Thrushes (Hylo-
cichla mustelina) captured by using audio playback during the non-breeding season. Wilson J Ornith.
2014; 126(3):599–605.

44. Pyle P. Identification guide to North American birds. Volume I. Bolinas, CA: Slate Creek Press; 1997.

45. McKinnon EA, Stanley CQ, Fraser KC, MacPherson M, Casbourn G, Marra PP, et al. Estimating geolo-
cator accuracy for a migratory songbird using live ground-truthing in tropical forest. Animal Migration.
2013; 1(1):31–8. doi: 10.2478/ami-2013-0001

46. Desante DF, Saracco JF, de Vivar Alvarez CR, Morales S. MoSI (Monitoreo de Sobrevivencia Invernal)
Manual: Instructions for establishing and operating bird-banding stations as part of the MoSI program.
Pt. Reyes Station, CA.: The Institute for Bird Populations, 2009.

47. Bayly NJ, Gomez C, Hobson KA. Energy reserves stored by migrating Gray-cheeked Thrushes Cath-
arus minimus at a spring stopover site in northern Colombia are sufficient for a long-distance flight to
North America. Ibis. 2013; 155(2):271–83. doi: 10.1111/Ibi.12029

48. Gomez C, Bayly NJ, Rosenberg KV. Seasonal variation in stopover site use: Catharus thrushes and vir-
eos in northern Colombia. J Ornithol. 2013; 154(1):107–17. doi: 10.1007/S10336-012-0876-5

49. McKinnon EA, Fraser KC, Stanley CQ, Stutchbury BJM. Tracking from the Tropics reveals behaviour of
juvenile songbirds on their first spring migration. PLOSONE. 2014; 9(8):e105605. doi: 10.1371/journal.
pone.0105605 PMID: 25141193

50. R Development Core Team. R: a language and environment for statistical computing. Version 3.1.0 ed.
Vienna, Austria: R Foundation for Statistical Computing; 2014.

51. Kuznetsova A, Brockhoff PB, Christensen RHB. Package 'lmerTest': Tests in Linear Mixed Effects
Models. R package version 2.0–20 ed2014.

52. Studds CE, Marra PP. Non-breeding habitat occupancy and population processes: An upgrade experi-
ment with a migratory bird. Ecology. 2005; 86(9):2380–5.

53. Nilsson C, Klaassen RHG, Alerstam T. Differences in speed and duration of bird migration between
spring and autumn. American Naturalist. 2013; 181(6):837–45. doi: 10.1086/670335 PMID: 23669545

54. Bowlin MS, Wikelski M. Pointed wings, low wingloading and calm air reduce migratory flight costs in
songbirds. PLOS ONE. 2008; 3(5). doi: 10.1371/journal.pone.0002154 PMID: 18478072

55. Lundberg S, Alerstam T. Bird Migration Patterns—Conditions for Stable Geographical Population Seg-
regation. Journal of Theoretical Biology. 1986; 123(4):403–14.

56. Drake A, Martin M, Green DJ. Winter habitat use does not influence spring arrival dates or the reproduc-
tive success of YellowWarblers breeding in the Arctic. Polar Biology. 2014; 37(2):181–91.

57. Boone AT, Rodewald PG, DeGroote LW. Neotropical winter habitat of the magnolia warbler: effects on
molt, energetic condition, migration timing, and hematozoan infection during spring migration Condor.
2010; 112(1):115–22. doi: 10.1525/cond.2010.090098

58. Senner NR, HochachkaWM, Fox JW, Afanasyev V. An exception to the rule: carry-over effects do not
accumulate in a long-distance migratory bird. PLOS ONE. 2014; 9(2):e86588. doi: 10.1371/journal.
pone.0086588 PMID: 24523862

Carry-Over Effects of Nonbreeding Habitat on Songbird Spring Migration

PLOS ONE | DOI:10.1371/journal.pone.0141580 November 3, 2015 17 / 17

http://dx.doi.org/10.2478/ami-2013-0001
http://dx.doi.org/10.1111/Ibi.12029
http://dx.doi.org/10.1007/S10336-012-0876-5
http://dx.doi.org/10.1371/journal.pone.0105605
http://dx.doi.org/10.1371/journal.pone.0105605
http://www.ncbi.nlm.nih.gov/pubmed/25141193
http://dx.doi.org/10.1086/670335
http://www.ncbi.nlm.nih.gov/pubmed/23669545
http://dx.doi.org/10.1371/journal.pone.0002154
http://www.ncbi.nlm.nih.gov/pubmed/18478072
http://dx.doi.org/10.1525/cond.2010.090098
http://dx.doi.org/10.1371/journal.pone.0086588
http://dx.doi.org/10.1371/journal.pone.0086588
http://www.ncbi.nlm.nih.gov/pubmed/24523862

