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Bird migration is one of the greatest wildlife spectacles, producing massive global changes
in the distributions of birds twice each year. To understand the evolution of this phenom-
enon, it is important to know the costs of these journeys in terms of the mortality they
impose. The use of mark/re-sighting and tracking studies has now made it possible, for
some bird species, to separate mortality during migration from mortality during stationary
periods. This paper aims to assess this information, based mainly on 31 published studies,
most of which concern long-distance migrations of passerines, large waterfowl and rap-
tors. Most of these studies revealed that mortality rates were greater during migration
than at other times – in some species more than 20 times greater. Overall, on the basis of
median values, mortality per unit time during autumn journeys was about 3.0 times
greater than mortality during stationary periods, during spring journeys about 6.3 times
greater, and during autumn and spring journeys combined 4.4 times greater. The greater
overall mortality on spring journeys was largely associated with more adverse wind condi-
tions in spring than in autumn. High mortality rates were especially evident in birds cross-
ing large ecological barriers, such as the Sahara Desert or the Gulf of Mexico, and were
higher in that part of their journey than when crossing more benign terrain. There was no
increase in mortality during migration in the adults of some long-lived species with high
annual survival and predominantly overland journeys; for these birds, much larger sam-
ples of year-round tracked individuals will be needed to reveal any seasonal variations in
mortality. Within certain species, birds that travelled long distances experienced greater
mortality over the journey than those that travelled short distances, but in other species
no such relationship was found. In species in which adults and juveniles were followed
over the same journey, juveniles showed greater mortality. To judge from other studies,
this difference could be attributed to the inexperience of juveniles, their lower feeding
rates and flight efficiency, greater vulnerability to hazards such as weather and predation,
or more frequent navigational errors. Broadly speaking, the risks of migration vary with
features of the birds themselves, with the terrain to be crossed and with weather at the
time. It may be assumed that migration persists in the long term because the costs
(in terms of associated mortality) are more than offset by the benefits of breeding and
wintering in different areas (in terms of improved overall survival and breeding success).
To provide further understanding of migration mortality, suggestions are made on the
types of studies required and on how they could best be conducted.
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Bird migration is one of the most impressive events
of the natural world, producing massive changes in
the distributions of birds over the earth’s surface
every spring and autumn (Newton 2008). The haz-
ards of travel have long been considered a major
cost of these journeys, but the mortality involved
has proved difficult to measure as a distinct compo-
nent of overall annual mortality. Early studies used
ringing or other means of marking, relying on re-
sighting attempts several times each year to gain the
necessary information. As migrants occupy two or
more areas each year, this involved expensive
labour-intensive programmes (Owen & Black 1989,
Sillett & Holmes 2002, Menu et al. 2005). In recent
years, however, the development of tracking
methods has allowed individual birds to be followed
on their journeys, potentially providing another way
to assess on-route mortality (Sergio et al. 2018). In
this paper, I examine estimates of migration mortal-
ity that have been obtained through ringing or
tracking studies, and compare them with similar
estimates made during stationary periods. The 31
studies eligible for inclusion involved long-distance
migrants, mainly of passerines, waterfowl and rap-
tors. Using a wider range of studies, I also explore
several other aspects of migration mortality, includ-
ing age differences, and for future work, make rec-
ommendations on the types of studies needed and
how they could best be conducted.

METHODS USED TO ESTIMATE
MIGRATION MORTALITY

Ringing and other marking studies

General ring recoveries are usually of little value for
assessing migration mortality because: (1) in most
species of interest, recovery rates are low; (2) recov-
ery chances vary along migration routes, and birds
migrating to the tropics typically provide few or no
recoveries from their wintering areas; and (3) birds
that die on route in the sea or desert are virtually
impossible to recover (Wernham & Siriwar-
dena 2002). These circumstances combine to pro-
vide a paucity of information, which is in any case
likely to be temporally and geographically biased.

However, two methods using rings or other
identification marks have been used in mark/re-
sighting studies to provide more reliable estimates
of migration mortality in certain species. An
assumption was that the rings or other markers
used to identify individuals did not themselves

affect the survival or behaviour of the birds con-
cerned. One method has been applied to species
in which individuals normally remained on terri-
tories throughout their periods in breeding and
wintering areas, and also returned to the same ter-
ritories in successive years. Individuals were
marked on their arrival in winter quarters and fol-
lowed through the winter to assess what propor-
tion survived (calculated directly or with the aid
of mark/re-sighting models). The same procedure
(usually with different birds) was adopted in the
breeding area to estimate survival through the
breeding season. Overall annual survival was esti-
mated from the return rates to either breeding or
wintering areas in successive years. With knowl-
edge of winter mortality, summer mortality and
annual mortality, losses during the rest of the year
(on autumn and spring migrations) could be calcu-
lated. This method was used by Sillett and
Holmes (2002) on Black-throated Blue Warblers
Setophaga caerulescens in eastern North America,
and subsequently on other species (Paxton
et al. 2017, Rockwell et al. 2017).

The second method has been used on geese and
swans in which pairs normally remain together
year-round and from year to year, and retain their
young into winter, while also remaining faithful to
the same breeding and limited wintering places
from year to year. Adults and juveniles were marked
or recorded on breeding areas before they left on
autumn migration, and deliberately re-checked after
their arrival in a limited wintering area to find what
proportion of each age group had survived the jour-
ney. Birds not found were generally counted as
dead, and emigration to other populations was
either not detected or assumed to be negligible (for
Barnacle Goose Branta leucopsis see Owen &
Black 1989). A similar procedure involved visually
recording the brood sizes of neck-banded females
before and after migration to estimate the loss of
young during the journey (for Greater Snow Goose
Anser caerulescens see Menu et al. 2005).

Tracking of individuals on migration

Tracking via satellites enables individual birds to
be followed year-round, wherever they travel. To
obtain reliable estimates of migration mortality by
this means requires that: (1) the tags themselves
impose no significant additional mortality, and (2)
deaths should be clearly separable from tracking-
device failures. As devices and their methods of
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attachment have improved over the years, these
problems are now less than in the past, and vari-
ous criteria have been used to separate deaths
from equipment problems.

Methods of death detection through radio-tags,
together with quantitative separation of deaths
from transmitter failures, have been intensively
examined and reviewed by Sergio et al. (2018).
Commonly used indicators of death include: (1)
signals coming from a constant location over an
appropriately long period, indicating lack of move-
ment or slow drifting at sea before loss of signal
(e.g. Klaassen et al. 2014, Oppel et al. 2015); (2)
the finding and reporting of the carcass, in
some instances by a deliberate ground search (e.g.
McIntyre et al. 2006); (3) an appropriate change in
body temperature where a temperature sensor was
fitted along with the transmitter (e.g. Hupp
et al. 2008, Ely & Meixell 2016, Ib�a~nez-�Alamo
et al. 2019); and (4) constancy of readings from an
activity sensor fitted along with the transmitter
(e.g. Cheng et al. 2019). Commonly used indica-
tors of impending transmitter failure include a drop
in battery charge or in the frequency, regularity or
quality of signals, before their termination (Sergio
et al. 2018). Some researchers also applied other
information to identify deaths. For example, among
European Honey Buzzards Pernis apivorus, the
monitoring of adults proved particularly helpful in
clarifying reasons for signal termination, because
these birds were faithful to their breeding locations
in successive years. This often made it possible to
determine whether the birds were still alive after
signals had ceased. Some individuals were still
wearing their transmitters but sending no signals,
indicating transmitter failure (Meyburg & Ziese-
mer 2023). Some other raptor species (notably
eagles and falcons) sometimes bite through the har-
ness so the tag becomes detached, and this knowl-
edge can also help in separating death from
equipment failure. In the early days of platform
transmitter terminals, batteries lasted only a few
months and equipment failures were frequent,
making it impossible to get reliable data on migra-
tion mortality. However, owing to subsequent
improvements in tag technology and use of solar
panels to re-charge batteries, and collect and trans-
mit data, our ability to separate deaths from equip-
ment failure or detachment has improved greatly
in recent years, from which most of the tracking-
based studies discussed here derive. Devices have
also become smaller over the years, increasing the

range of species eligible for study. Note that only
transmitting tags can be used in mortality studies,
because information from archival tags (geoloca-
tors) can normally be recovered only from surviv-
ing birds that return to places where they can be
re-caught or otherwise interrogated.

Satellite tags should ideally record all deaths
through the year, regardless of where they occur.
The data can then be analysed in two main ways.
The first involves noting the proportion of all
recorded deaths that occur in different seasons,
such as (1) during autumn migration, (2) during
the period in the wintering area, (3) during spring
migration and (4) during the period in the breed-
ing area. These figures give the percentage of all
deaths that occur in each of the four periods, and
can be corrected to a per unit time basis by allow-
ing for the differing durations of the four periods.
Data from additional years can be added for birds
followed for longer periods. Birds whose tags are
judged to have failed or become detached can be
included up to the end of the last complete
period, and eliminated from the start of the next
period in which failure occurred. Some species
have such low annual mortality that large samples
or long periods of years are required to gain mean-
ingful results (see Meyburg 2021 for Lesser Spot-
ted Eagle Clanga pomarina, in which individuals
were tracked for up to 12 years). Examples of
studies that have presented results in this manner
(or modifications thereof) include those of Klaas-
sen et al. (2014), Sergio et al. (2019), Watts
et al. (2019) and others (Table 1).

A second procedure is to calculate the mortality
rate through different periods of the year. Allow-
ance then has to be made for the number of birds
entering each period, and surviving through it.
Hence, if 100 tagged birds started autumn migration
and 20 died on the journey, 80 would begin the
wintering period, and so on through the year. Again,
individuals can be incorporated more than once if
they are tracked over more than 1 year. Birds whose
tags are judged to have failed or become detached
can be censored as described above. Examples of
studies that have used this procedure (or modifica-
tions thereof) include McIntyre et al. (2006),
Casazza et al. (2015) and others in Table 1.

Selection of relevant papers

For this review, relevant papers fell into two cate-
gories: (1) those that provided estimates of
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Table 1. Findings from studies that have examined mortality rates during migration compared with other parts of the year. Most of
the figures were taken directly from the source references, but some were calculated for this table from the source data given.
Among tracking studies, only those based on more than 10 individuals are included.

Black-throated Blue Warbler Setophaga caerulescens, New Hampshire to Jamaica, 1986–2000 (Sillett & Holmes 2002). Based on
colour-ringing and re-sighting of 336 birds in breeding areas and 151 in wintering areas, survival rates were assessed during the
summer breeding period, during the winter period in Jamaica, and over the year as a whole. During these periods, no difference
was found between survival of first-year and older birds, so data from both age groups were pooled. Monthly survival probabilities
during the summer (May–August) and winter (October–March) stationary periods were high: 1.0 for males in New Hampshire, and
0.99 � 0.01 se for males in Jamaica and for females in both locations. Monthly survival probability during migration ranged from
0.77 to 0.81 � 0.02 se, depending on method of calculation. More than 85% of apparent annual mortality occurred during migration,
giving a mean monthly rate that was at least 15 times greater than in stationary periods.

Kirtland’s Warbler Setophaga kirtlandii, Michigan (2006–11, n = 331) to Bahamas (2003–10, n = 215; Rockwell et al. 2017). Based
on colour-ringing and re-sighting of adult males, monthly survival probabilities during the summer and winter stationary periods were
relatively high (0.963 � 0.005 se and 0.977 � 0.002 se, respectively). Monthly survival probability during migratory periods was
lower (0.879 � 0.05 se), accounting for about 44% of all annual mortality. Mortality rates per unit time during migration periods
were about four times higher than in stationary periods.

Willow Flycatcher Empidonax traillii extimus, Arizona to Costa Rica, 1999–2002 (Paxton et al. 2017). Based on ringing of mainly
adults with some juveniles (sample sizes not given). Monthly survivorship during the migratory periods (approximately 3 months of
the year, spring and autumn combined) was estimated at 91%, substantially lower than the monthly estimates for the breeding
(99%) and wintering (98%) seasons. Allowing for the different durations of these periods, 62% of the total annual mortality occurred
during the two migration periods, even though they together comprised only about one-quarter of the annual cycle. Monthly
mortality rates were nine times greater during migration than in the breeding season, and 4.5 times greater than in winter (about
seven times greater than for breeding and wintering combined).

Eurasian Reed Warbler Acrocephalus scirpaceus, Western Europe, based on 51 612 re-encounters of 47 938 ringed adults and
juveniles reported during 1933–2014, available in the EURING databank (Proch�azka et al. 2017). Estimated annual survival was
higher for adults (0.530 � 0.019 sd) than for juveniles (0.232 � 0.012 sd). Monthly survival during migration periods was higher for
adults (0.922 � 0.004 sd) than for juveniles (0.698 � 0.011 sd), whereas monthly survival during stationary periods was similar for
both age categories (adults: 0.976 � 0.004 sd, juveniles: 0.977 � 0.005 sd). Mortality rates were about three times higher during
migration than stationary periods for adults, and about 13 times higher for juveniles.

Wood Thrush Hylocichla mustelina, southern Indiana to Belize, 2011–14 (Rushing et al. 2017). Based on ringing and re-trapping of
1807 territorial adults and 227 hatch-year birds, populations experienced the lowest apparent survival rates during migration and
lower apparent survival during spring than during autumn migration. Among adults, autumn and spring migration accounted for 29%
and 21% of apparent annual mortality, even though these stages occupied only 17% and 8% of the year, whereas in juveniles,
autumn and spring migration amounted to 14% and 46% of annual mortality. Scaled to monthly rates, in adults, the estimated
monthly mean summer (breeding season) survival was 0.96, mean winter survival 0.98, mean autumn (migration) survival 0.92 and
mean spring (migration) survival 0.89, whereas in juveniles, autumn survival was 0.92 and spring survival 0.48. On these figures,
monthly mortality of adults was about 2.7 times higher during autumn migration than during stationary periods, and about 3.7 times
higher during spring migration. The equivalent figures for juveniles were 2.7 times and 17 times respectively. Based on the methods
used, both mortality and dispersal may have contributed to low apparent survival during spring migration.

Great Spotted Cuckoo Clamator glandarius, Spain to West Africa, 16 adults tracked by satellite, 2013–15 (Ib�a~nez-�Alamo
et al. 2019). Nine died in breeding areas, five on autumn migration, one in the wintering area and one on spring migration. Allowing
for the duration of these different activities, mortality emerged as nine times greater during autumn migration than in the breeding
area, and seven times higher on spring migration than in the wintering area, although only two birds survived the winter and only
one survived the spring migration.

Band-tailed Pigeon Patagioenas fasciata, tracked by satellite within western North America, 2006–08, n = 26 (Casazza et al. 2015).
Adult survival probabilities for different periods were: winter 0.879 (16 November to 29 March); spring migration 0.889 (30 March to
14 June); breeding 0.926 (15 June to 13 September); and autumn migration 0.913 (14 September to 15 November). This gave
weekly survival rates as being greatest during the nesting season (0.994) and winter (0.993) and lowest during spring and autumn
migrations (0.989 and 0.990, respectively); although confidence intervals overlapped among all these estimates, the weekly
mortality rates emerged as 1.8 and 1.7 times higher during spring and autumn migration than during the nesting season.

(continued)
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Black-tailed Godwit Limosa limosa, West Africa to Iberia, 2012–15, n = 57 adults (Senner et al. 2019). From satellite-tracking, daily
survival rates were lowest on flights from sub-Saharan West Africa to staging areas in Spain and Portugal at 0.9445 per day,
whereas the daily average over the year as a whole was 0.998 per day, leading to an annual survival rate of 0.52. In other parts of
the migration over more benign areas, survival rates were similar to those during stationary periods. Daily mortality during the first
part of the spring journey, mainly over the Sahara, was therefore nearly 28 times greater than daily mortality during the rest of the
year. Of all deaths recorded, 13% occurred during autumn migration, 21% in winter, 36% during spring migration and 30% during
the breeding season.

Hudsonian Godwit Limosa haemastica, Alaska (2014–17) to Chile (2007–12), based on re-sightings and re-captures of 118 adults
colour-marked in Alaska and 774 colour-marked in Chile (Swift et al. 2020). Godwit survival rates were high throughout the annual
cycle, but lowest during the breeding season (0.915), only slightly higher during southbound migration (0.855–0.978) and highest
during the stationary non-breeding season (0.987), and slightly lower through the northbound migration (0.958–0.979). Allowing for
the different durations of these four periods, weekly survival probability during autumn migration was estimated at 0.855–0.928,
during the non-breeding period in Chile at 0.999, during spring migration at 0.958–0.979 and during the breeding period in Alaska at
0.992. The two values for survival during the migration periods depended on whether they were based on annual survival values
calculated from data obtained in breeding or wintering areas. These figures imply that the mortality per week was 9–18 times
greater during autumn migration than in breeding areas, and 21–42 times greater during spring migration than in non-breeding
areas. This godwit undertakes one of the longest migrations of any landbird, including one non-stop flight of 10 000 km and some
long over-sea stretches.

Eurasian Whimbrel Numenius phaeopus, northwestern Canada to northern South America, 2008–16, 33 adults satellite-tracked
(Watts et al. 2019). With an average annual adult survival of 54% in a declining population, daily mortality was five times greater
during migration than during stationary periods (0.0049 vs. 0.00092, respectively), a significant difference. Around one-half of
annual mortality occurred during the autumn hunting season, and one-third during spring migration, but values may also have been
elevated by the tags.

Eurasian Spoonbill Platalea leucorodia leucorodia, Netherlands to France, Iberia or Mauritania (c.1000, 2000 and 4500 km), 2005–
12, based on re-sightings of 538 individually marked adults (Lok et al. 2015). Summer, autumn and winter survival were very high
and independent of migration distance, but mortality during spring migration was 18% for birds that flew to Mauritania, 5.6% for
birds that flew to Iberia and 5.1% for those migrating to France. Mortality therefore increased with migration distance, probably in
this case because of the Sahara Desert and adverse weather and fuelling conditions on route. It reduced the annual survival of
Mauritanian winterers to 80% compared with 93% and 92% for the French and Iberian winterers. Survival in Mauritanian winterers
was about 16% higher during autumn migration than in spring migration. Uncorrected for duration, mortality during spring migration
was about three times higher than during the rest of the year in Spoonbills that migrated within Europe and about eight times higher
in those that migrated to Africa.

White Stork Ciconia ciconia, central Europe to southwest Europe, North Africa and sub-Saharan Africa, 2013–17 (Cheng
et al. 2019). Of 169 juveniles GPS-tagged at fledging and tracked to the end of winter, 148 (87.5%) survived to the start of
migration (mean 30 days), 103 (60.9%) to the end of migration (mean 49 days) and 77 (45.6%) to the end of winter (mean
151 days). The initial population was therefore reduced by 45 deaths in 49 days during migration and by 26 deaths in 151 days
during winter, giving daily rates of 0.92 deaths on migration and 0.17 in winter. So daily losses were about 5.4 times higher during
autumn migration than during winter.

Whooping Crane Grus americana, northwest Canada–Texas, 2009–14 (Pearse et al. 2019). Of 68 individuals of mixed ages that
were satellite-tagged, 19 were deemed to have died: eight in breeding areas, eight in wintering areas, two in autumn migration
areas and one in spring migration areas. Allowing for the different times spent on these areas, mortality per unit time was roughly
the same in all four periods, providing no evidence that mortality was higher during this overland migration.

Greater Sandhill Crane Grus canadensis tabida, various sites in North America, 2009–15 (Fronczak et al. 2015). Of 42 satellite-
tagged adults, five died during the study period, all after spring migration, in late spring and early summer. Annual mortality was
estimated at 0.950 (95% CI 0.885–0.979), and statistical analysis gave no evidence that mortality was any greater during this
overland migration than at other times.

Four raptor species combined (Osprey Pandion haliaetus, European Honey Buzzard Pernis apivorus, Western Marsh Harrier
Circus aeruginosus, Eurasian Hobby Falco subbuteo), tracked by satellite, Sweden to Africa, 1995–2009, 33 adults with 82 tracks
and 13 juveniles with 13 autumn tracks, recorded by satellite telemetry (Strandberg et al. 2010). The combined mortality during 95
crossings of the Sahara alone was 31% per crossing for juveniles (first autumn migration), compared with only 2% for adults
(autumn and spring combined). Mortality associated with the Sahara passage made up a substantial fraction (up to about half for
juveniles) of the total annual mortality.

(continued)

Table 1. (continued)
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Osprey Pandion haliaetus, Sweden to West Africa, 1995–2011, 18 adults, some tracked for more than 1 year by satellite tracking
(Klaassen et al. 2014). Mortality during migration formed around 67% of total annual mortality, comprising 16% in autumn and 51%
in spring. With 11 deaths recorded, mortality per day during autumn and spring journeys was 3.8 and 23.5 times higher than at
other times.

Montagu’s Harrier Circus pygargus, Western Europe to West Africa, 2005–11, 34 adults, some followed in more than 1 year by
satellite tracking (Klaassen et al. 2014). Mortality during migration formed around 53% of total annual mortality, comprising 18% in
autumn and 35% in spring. With 25 deaths recorded, mortality per day during autumn and spring journeys was 2.9 and 6.5 times
greater than at other times.

Marsh Harrier Circus aeruginosus, Sweden to West Africa, 2004–11, 17 adults, some followed in more than 1 year by satellite
tracking (Klaassen et al. 2014). Mortality during migration formed around 58% of total annual mortality, comprising 33% in autumn
and 25% in spring. With 15 deaths recorded, mortality per day during autumn and spring journeys was 8.7 and 6.0 times greater
than at other times.

Golden Eagle Aquila chrysaetos, Alaska southward to New Mexico, 1997 and 1999, 41 juveniles, followed by satellite tracking
(McIntyre et al. 2006). During autumn migration and early winter, monthly survival was 0.88 for the 1997 cohort and 0.78 for the
1999 cohort, while in three other periods of year (one embracing spring migration) monthly survival was 0.94 in both years. Mortality
during autumn migration and in the 2 months after arrival in wintering areas was therefore twice as high as during the rest of the
year embracing spring migration.

Egyptian Vulture Neophron percnopterus, Balkan region to West Africa, 2010–14 (Oppel et al. 2015). Of 18 juveniles tracked on
autumn migration, only nine (50%) survived to reach suitable wintering areas, and only six reached 1 year of age. However, much
depended on the route taken: only one out of 10 birds that headed directly south survived the crossing of the open Mediterranean,
compared with all eight birds that took a landward detour round the eastern end of the Mediterranean. No deaths were recorded in
the Sahara Desert. Monthly survival during migration was 0.750, compared with 0.958 in subsequent wintering areas. Mortality rates
were therefore six times higher during migration than in wintering areas, and 70% of first-year mortality occurred on autumn
migration.

Egyptian Vulture Neophron percnopterus, Europe and Middle East to sub-Saharan Africa, 2007–20, based on satellite tracking of
220 birds (including those in the above study), 152 tagged as juveniles and 68 as immatures or adults, but many were tracked in
more than 1 year as they aged (Buechley et al. 2021). Juveniles showed monthly survival of 0.905 on migration compared with
0.955 in the first month post-fledging. Older birds showed a monthly survival of 0.979 during migrations, compared with 0.990 in
breeding areas and 0.995 in wintering areas, so in both age groups the mortality rate was at least twice as high during migration as
at other times. Many juveniles drowned in the Mediterranean Sea on their first autumn migration but few were confirmed dead in
the Sahara Desert.

Black Kite Milvus migrans, southern Spain to West Africa, 2007–14 (Sergio et al. 2019). Among 108 birds of known age, 53 deaths
were recorded over a number of years: 43% in the Spanish breeding areas, 30% in the African wintering areas, 17% in the autumn
migration and 9% in the spring migration. Allowing for the different durations of these periods, daily mortality rates averaged around
five to eight times higher during each migration than at other times, depending on age and season. In total, 64% of the migration
deaths occurred in the Sahara Desert, but were not clustered at specific locations. All mortality, and its distribution through the year,
changed with age. Juveniles travelled only on the autumn journey and then remained in Africa for at least another year; their daily
mortality was about seven times higher during migration than when stationary in Europe and about three times higher than when
stationary in Africa.

Honey Buzzard Pernis apivorus, Germany to sub-Saharan Africa, 2001–11, 12 adults tracked by satellite, some in more than 1 year
(Meyburg & Ziesemer 2023). Three died on autumn migration, four in wintering areas, two on spring migration and one in breeding
areas. Allowing for the duration of these different periods, deaths per unit time emerged as four times greater during migration than
during the rest of the year, and were relatively more frequent in spring than in autumn.

Himalayan Vulture Gyps himalayensis, Bhutan to central Asia, 18 immatures aged 1–2 years, caught on wintering areas in Bhutan,
and followed for up to a year, 2014–15 (Sherub et al. 2017). Five individuals (28%) died on their northward migration, the only
deaths recorded.

Barnacle Goose Branta leucopsis, Svalbard to Scotland, 1986 (Owen & Black 1989). Based on checks for colour-ringed birds just
before and after migration, about 35% of 439 juveniles had disappeared (presumed dead), compared with about 5% of 1747 older
birds (about half the annual total). The losses were greatest among young hatched latest in the season, which were lightest in
weight at departure. This amount of mortality was probably exceptional, because severe weather on Svalbard forced the birds to
leave earlier than usual and also stopped some from staging on Bear Island. Once juveniles reached their wintering areas, mortality
dropped to a level equivalent to 10% per year, the same as adults. In six other years, estimated juvenile mortality during migration
varied between 12 and 21%.

(continued)

Table 1. (continued)
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mortality during migration and during stationary
periods, which form the core of this review
(Tables 1 & 3, Fig. 1); and (2) other papers

providing no such comparison, but other informa-
tion relevant to migration mortality (Table 2 and
text). All papers were found initially by the

Pacific Brant Goose Branta bernicla nigricans, Alaska to Baja California, 1986–93, based on colour-banding of 6219 adults at a
breeding colony and re-sightings in breeding, migration and wintering areas (Ward et al. 1997). Annual survival did not vary among
years or sexes and averaged 0.84 (�0.031 se). Mean monthly survival rate was lowest during late spring migration (15 April–1
June), the period of greatest subsistence harvest on the breeding areas, and highest in winter (1 Jan–1 March), the period of
greatest sport harvest. Mean monthly survival was estimated for the nesting period at 0.988 (�0.040 se), early autumn (migration)
0.970 (�0.015 se), late autumn 0.988 (�0.010 se), winter 1.00 (�0 se), early spring 0.984 (�0.030 se) and late spring (migration)
0.908 (�0.024 se). Mortality during autumn migration was therefore three times higher than the mean in stationary periods, and
during spring migration was eight times higher. Subsidence hunting contributed to mortality during the spring migration period.

Greater Snow Goose Anser caerulescens atlantica, Bylot Island to St Lawrence River, Quebec, 1993–97 (Menu et al. 2005). Based
on 9460 adults and 11 975 juveniles ringed and colour-marked, the average mortality of juveniles over the autumn journey was
34% and that of adults was 1%. Most of this mortality appeared to be natural (rather than shooting). However, after this migration,
juveniles survived almost as well as adults (monthly loss of juveniles 3.1% and of adults 2.8%). On these figures, the mortality of
juveniles was 11 times higher on migration than in the following stationary month, and 0.3 times higher in adults. The loss of
juveniles during autumn migration also varied greatly between years (range 29–88% over 5 years), and in these years migration
losses formed 46–98% of the total annual mortality of juveniles. Juvenile mortality was highest in years when: (1) temperatures at
the time of fledging and migration were low (at or below freezing), (2) the mean body mass of goslings at fledging was low, and (3)
the mean fledging date was late. Apparently, conditions on breeding areas influenced subsequent mortality on migration, as a carry-
over effect. Among 33 890 adult female Greater Snow Geese from the same population marked with neck-bands, no significant
variation in mortality was detected in different periods through the year or between years, although none of these periods included
migration alone (Gauthier et al. 2001).

Emperor Goose Anser canagicus, within Alaska, 1999–2004. Based on 53 adult females tracked by satellite (and ignoring others
marked with VHF radios which were less easy to detect when they moved from search areas; Hupp et al. 2008). Seven of the 53
were known for certain to have died over the next year (based largely on temperature sensors), suggesting an annual mortality of
at least 13%. For various reasons, including unusual hunting pressure on breeding areas, data were selected for this analysis,
being limited to April (covering spring migration) and January–March (covering the period on wintering areas). The figures from
satellite-tracked birds for both periods represent monthly mortality rates of 4.2% and 1.8% respectively, suggesting a rate during
spring migration 2.3 times higher than the rate during the winter stationary period. Nevertheless, on the figures available, the
difference was not statistically significant.

Tundra Swan Cygnus columbianus, five Alaskan breeding areas to various wintering areas, 2008, 50 swans (aged 2 or more years)
tracked by satellite, some for more than 1 year (Ely & Meixell 2016). Of 15 platform transmitter terminal-implanted swans known to
have perished during the study (based on low body temperature), seven (46.7%) died during summer (on breeding areas), five
(33.3%) died during migration (three in spring and two in autumn) and three (20%) died during winter (while at terminal southern
sites). These figures are small, but deaths per unit time emerged as lower in migration seasons than in stationary periods, at one
per month on spring migration, 2.3 per month in breeding areas, 0.5 per month on autumn migration and 1.5 per month in wintering
areas. Statistically, they showed no significant variation though the year.

Trumpeter Swan Cygnus buccinator, within the north-central USA, 2000–08, based on 576 encounter histories of neck-collared or
colour-ringed birds (Varner & Eichholz 2012). About 90% of birds migrated short distances and 10% longer distances; annual adult
mortality was 19% in both groups, but annual sub-adult mortality was 30% in short-distance birds and 14% in long-distance birds. In
91 long-distance birds examined for seasonal variation, apparent mortality was estimated at nil for sub-adults during their first
winter, 0.029 for sub-adults during their first spring migration, and 0.005 for all seasons and age classes thereafter. Overall, little
evidence was found for seasonal variation in mortality: the mortality estimates for both migratory and stationary seasons were very
low (<3%), but may have been slightly higher during migration; long-distance migrants survived at rates that were at least equal to,
but probably higher than, short-distance migrants.

Northern Gannet Morus bassanus, Bass Rock, Scotland to West Africa, 2018/19. Juvenile Gannets become independent on leaving
the nest, and begin their first migration within days. Over the 2 years, 38 juveniles were fitted with GPS-platform transmitter terminal
tags and tracked by satellite; 11 (29%) died in their first 2 months before they had completed their first migration (Lane et al. 2021).
Total first year mortality was estimated from large chicks ringed at the same colony in previous years at 45.8% (Wanless
et al. 2006). Comparison of the two figures suggests that 63% of all first-year mortality occurred during autumn migration. The
annual mortality of adults ringed at the same colony in previous years was 8.4%; it was not known what proportion of this mortality
occurred during migration, but it was clearly much lower than that of juveniles.

Table 1. (continued)
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traditional method of searching major ornithologi-
cal journals, in this case back to 1990, and then
checking all other papers mentioned in their

individual reference lists, separating papers into
the two categories above. In addition, in July
2023, systematic searches were also made using

Figure 1. Ratio of migration mortality/stationary mortality per unit time in different studies, as measured during autumn journeys
(n = 20), spring journeys (n = 16) or both journeys together (n =7). M = median value, blocks indicate 25% of studies above and
below the median, and lines show the full range of values. Where available, data from adults and juveniles from the same population
are treated as separate values. Details in Table 3.

Table 2. Other studies (involving more than 10 individuals) which calculated mortality only during migration periods.

Swainson’s Thrush Catharus ustulatus, Alabama to Yucatan, 2009–14 (Ward et al. 2018). A total of 139 adults and juveniles
tracked by automated radio-telemetry while crossing more than 1000 km of the Gulf of Mexico in autumn showed survival rates of
0.90–0.33 (that is, mortality rates of 0.10–0.67) on this part of their migration, depending on initial fat content and wind conditions at
the time.

Black-tailed Godwit Limosa limosa, Netherlands to West Africa, 2013–18 (Loonstra et al. 2019). Of 53 satellite-tracked adults, none
died on 71 southward crossings of the Sahara, whereas 15 (25%) birds died on 61 northward crossings. On the southward
crossings, winds were more favourable and birds took about 30 h, while on the northward crossings, winds were often unfavourable
and birds took around 35 h. Individuals that died made slower progress before their death than the survivors.

Black-tailed Godwit Limosa limosa, Netherlands to West Africa, 2016/17 (Verhoeven et al. 2022). Among 28 juveniles from the
same population as above (2016/17), mortality on the autumn journey was substantially greater than that of adults (25% vs. 6%,
P = 0.039), but on the return journey the difference was less and not statistically significant (20% vs. 27%, P = 0.584). Seven
juveniles died on southward migration, eight over the non-breeding period, and three on northward migration, a different seasonal
pattern to adults.

Osprey Pandion haliaetus, Scotland to West Africa, involved 12 adults, many tracked by satellite for more than 1 year, and 12
juveniles tracked over the first year, 2002–18 (Roy Dennis Foundation website, March 2023). Among adults, 42 autumn journeys
resulted in only one death (2%), and 30 spring journeys resulted in two (7%) deaths, and among juveniles, 12 autumn journeys
resulted in five (11%) deaths. Only one juvenile attempted to return in its first year and died on route; the others stayed in Africa to
return in a later year.

Honey Buzzard Pernis apivorus, Scotland to Africa, 2001–11, one adult and 10 juveniles tracked by satellite (Roy Dennis
Foundation website, March 2023). The one adult survived the autumn journey, while two out of 10 juveniles died on route and two
others either died or were lost through radio failure, giving an autumn mortality over the migration period in this small sample of
juveniles of 20–40%.

Honey Buzzard Pernis apivorus, Finland to sub-Saharan Africa, 2011–14, tracked by satellite (Vansteelant et al. 2017). Of 27
juveniles that departed from Finland, 24 survived their first migration, giving 11% mortality over this partly sea-and-desert crossing.
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Google Scholar and Medline, with combinations of
search terms, including ‘survival’, ‘mortality’,
‘migration’, ‘migratory’, ‘seasonal’, ‘satellite track-
ing’, ‘ringing’, ‘banding’, and then from the result-
ing list selecting ornithological papers. This
procedure yielded only three additional core
papers, but some other relevant ones. In the selec-
tion of core papers (for Tables 1 & 3, Fig. 1), stud-
ies that included a mortality estimate for a
migration period combined with a stationary
period (breeding or wintering) were excluded, as
were studies in which tag failures were stated as
likely to have affected the findings. Also excluded
were studies based on fewer than 10 tracked indi-
viduals, and studies of avian flu outbreaks or colli-
sions with wind turbines or other infrastructure.
This overall procedure produced 31 studies of 30
species from which estimates of mortality were
obtained for both migratory and stationary periods
(Table 1). A brief earlier review of migration mor-
tality cited 18 studies (Robinson et al. 2020), four
of which were excluded here on the criteria stated
above.

Associated with different methods of analysis
and periods of study, researchers expressed their
findings on migration mortality in different ways:
as a percentage of overall annual mortality (or of
all deaths recorded), or as daily, weekly or
monthly averages of numbers of deaths or rates of
mortality during migration compared with other
seasons. Studies also varied in the proportion of
the lifespan of individuals that they covered. There
is no easy way to tabulate or analyse all of these
data uniformly, and in Tables 1 and 2, studies are
listed individually, and depending on availability of
information, some aspects are summarized in
Table 3. The main question addressed here is
whether mortality is greater (overall or per unit
time) during migration than at other times. In
most of the studies using satellite-tracked birds,
samples are small, and seasonal differences within
species are not always statistically significant. To
circumvent the problem of small samples, some
researchers have combined the results from differ-
ent studies on the same species (Buechley
et al. 2021) or from different closely related spe-
cies making similar journeys (Strandberg
et al. 2010, Klaassen et al. 2014). All the satellite-
based studies listed in the tables relate to large or
medium-sized birds, whereas the ringing or mark/
re-sighting studies involved passerines or water-
fowl. In some studies, separate mortality estimates

were obtained for adults and juveniles from the
same population (Tables 1 & 3).

RESULTS

In most species listed in Table 1, mortality was
higher during migration than in stationary periods
(Fig. 1). Per unit time, the median mortality esti-
mate for autumn journeys was 3.0 times greater
than for stationary periods (n = 20), for spring
journeys 6.3 times greater (n = 16), and for both
spring and autumn journeys together 4.4 times
greater (n = 7). In different species, mortality per
unit time during migration varied from about 0.3
to 31.5 times as high as in stationary periods.
Extreme values included 28 times as high for some
Black-tailed Godwits Limosa limosa and Black
Kites Milvus migrans crossing the Sahara Desert in
spring (Senner et al. 2019, Sergio et al. 2019), and
21–42 times (average 31.5 times) as high for some
Hudsonian Godwits Limosa haemastica migrating
between Chile and Alaska (Swift et al. 2020). In
contrast to the majority findings, adults of five spe-
cies – namely the Whooping Crane Grus ameri-
cana, Sandhill Crane Grus canadensis, Greater
Snow Goose, Tundra Swan Cygnus columbianus
and Trumpeter Swan Cygnus buccinator – showed
no significant variation in mortality through differ-
ent periods of year, although in Trumpeter Swans
the possibility of greater mortality during migra-
tion could not be eliminated (Table 1). These five
were all large, long-lived species that made wholly
overland journeys in North America. In 15 studies
in which both total migration mortality (autumn
and spring combined) and total annual mortality
could be reliably calculated, migration mortality
formed a median of 55% of the annual total, rang-
ing in different species between 14 and 85% (and
even 100% for 18 Himalayan Vultures Gyps hima-
layensis tracked for 1 year, Table 3).

Comparing species and taking adults alone, no
relationship emerged between relative migration
mortality and the mean body mass of the species
concerned (percentage of annual mortality occur-
ring during autumn migration vs. body mass,
n = 13, rs = 0.145, P > 0.50; percentage of annual
mortality occurring during spring migration vs.
body mass, n = 2, rs = �0.279, P = 0.50; percent-
age of annual mortality occurring during both
autumn and spring migration together vs. body
mass, n = 14, rs = �0.321. P = 0.50). With such
small samples, it was not feasible to try and adjust
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Table 3. Estimates of mortality on migration compared with stationary periods. Some data taken directly from the sources cited,
others calculated from other data in the listed sources.

Species and age group Numbers Method

% of annual mortality
Ratio migration/
stationary

ReferenceB A S B A S

Black-throated Blue Warbler,
adults

487 R 85 15.0 Sillett and Holmes (2002)

Kirtland’s Warbler, adults 546 R 44 4.0 Rockwell et al. (2017)
Willow Flycatcher, adults Unavailable R 62 6.8 Paxton et al. (2017)
Eurasian Reed Warbler,
adults

2732 R 3.3 Proch�azka et al. (2017)

Eurasian Reed Warbler,
juveniles

3995 R 13.1 Proch�azka et al. (2017)

Wood Thrush, adults 1807 R 50 29 21 2.7 3.7 Rushing et al. (2017)
Wood Thrush, juveniles 227 R 60 14 46 2.7 17.0 Rushing et al. (2017)
Great Spotted Cuckoo, adults 16 ST 9.2 7.0 Ib�a~nez-�Alamo et al. (2019)
Band-tailed Pigeon, adults 26 ST 55 22 33 1.7 1.8 Casazza et al. (2015)
Black-tailed Godwit, adults 57 ST 49 13 35 1.0 27.8a Senner et al. (2019)
Hudsonian Godwit, adults 892 R 9–18b 21–42b Swift et al. (2020)
Eurasian Whimbrel, adults 33 ST 81 48 33 5.0 5.0 Watts et al. (2019)
Eurasian Spoonbill, adults 538 R 7–20 2 5–18 2.0 3.8c Lok et al. (2015)
White Stork, juveniles 169 MP 5.4 Cheng et al. (2019)
Osprey, adults 18 ST 67 16 51 3.8 23.5 Klaassen et al. (2014)
Montagu’s Harrier, adults 34 ST 53 18 35 2.9 6.5 Klaassen et al. (2014)
Marsh Harrier, adults 17 ST 58 33 25 8.7 6.0 Klaassen et al. (2014)
Golden Eagle, juveniles 41 ST 2.0 1.0 McIntyre et al. (2006)
Egyptian Vulture, adults 152 ST 2.2 Buechley et al. (2021)
Egyptian Vulture, juveniles 68 ST 2.2 Buechley et al. (2021)d

Black Kite, adults 108 ST 6.9e 28.1e Sergio et al. (2019)
Black Kite, juveniles 108 ST 7.4e Sergio et al. (2019)
Honey Buzzard, adults 12 ST 4.0 Meyburg and

Ziesemer (2023)
Himalayan Vulture, immatures 18 ST 100e 0 100f Sherub et al. (2017)
Greater Snow Goose, adults 9460 R 1 0.3 Menu et al. (2005)
Greater Snow Goose,
juveniles

11 975 R 46–98g 11.1 Menu et al. (2005)

Emperor Goose, adult females 53h ST 32 2.3 Hupp et al. (2008)
Barnacle Goose, adults 1747 R 50 Owen and Black (1989)
Barnacle Goose, juveniles 439 R 12–21g Owen and Black (1989)
Pacific Brant Goose, adults 6219 R 3.0 8.2 Ward et al. (1997)
Tundra Swan, mainly adults 50 ST 33 13 20 0.3 0.4 Ely and Meixell (2016)
Trumpeter Swan, sub-adults 91 R 24 4 20 Varner and Eichholz (2012)
Gannet, juveniles 38 ST 63 Lane et al. (2021),

Wanless et al. (2006)

Key: MP – mobile phone network; R – ringing or colour marking, ST – satellite tracking. Numbers refer to individuals ringed or
tracked. Ratio migration/stationary refers to mortality rates per unit time during migration and stationary periods; B – both migration
seasons combined, A – autumn migration, S – spring migration. For scientific names of species see Table 1. aAs measured over the
Sahara Desert only. bDepending on whether annual mortality was calculated from data collected in the breeding or wintering area.
cRange of values from birds migrating to three main areas at different distances from the breeding range (see text). dThis study
includes juveniles from the earlier study by Oppel et al. (2015). eDaily rate in migration vs. breeding area, adult figures are averages
of values from three older age groups (Sergio et al. 2019). fIn this study, involving the tracking of 18 winter-caught immature vultures
for 1 year, five individuals died, all on spring migration. gIn different years. hFor various reasons, including unusual hunting pressure
on breeding areas, data were selected for this analysis, being limited to birds tracked by satellite (ignoring birds tagged with VHF
radios) and to the periods April (covering spring migration) and January–March (covering the period on wintering areas).
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these tests for phylogenetic dependence. It
seemed, however, that conditions on route
(weather and food supplies) had more influence
on the percentage of annual mortality that
occurred during migration than did the body size
of the species concerned. This finding does not of
course exclude the possibility that body weight
influences migration mortality within species.

Five other studies calculated mortality during
migration but without comparison with periods of
residency (Table 2). Like most of the other species
in Table 1, these species also showed substantial
losses during migration. In addition, among adult
male Great Bustards Otis tarda, in Spain the
annual mortality was 2.4–3.5 times higher in
migrant than in sedentary individuals from the
same breeding population (Palac�ın et al. 2016).
Collision with power lines caused 37.6% of all
deaths, and migrants died in this way more fre-
quently than residents (21.3% vs. 6.3%).

Among some other large, long-lived birds, sam-
ples of satellite-tagged individuals completed their
migrations without any deaths. For example, 28
adult Long-billed Curlews Numenius americanus,
tagged on nesting areas in the northwestern USA,
survived at least through their first autumn migra-
tion to the southern USA or Mexico, over dis-
tances up to 3098 km (Page et al. 2014).
Similarly, 14 Lesser Black-backed Gulls Larus fus-
cus tagged as adults at their nests in the Nether-
lands completed their autumn migrations without
loss, one died in the wintering area, and the
remaining 13 completed their spring migrations
without loss, giving 100% survival over 27 migra-
tions extending up to 2898 km (Klaassen
et al. 2012). Nine satellite-tracked Hooded Cranes
Grus monacha that wintered in Japan and bred in
eastern Russia survived at least two spring migra-
tions and one autumn migration (and the interven-
ing periods) without loss (Mi et al. 2018). For
such species with naturally low mortality rates,
year-round tracking of much larger samples would
be needed to provide reliable indications of any
seasonal pattern in mortality.

Age differences

Among 11 species in which adults and juveniles
were studied over the same routes, juveniles suf-
fered greater mortality in seven out of seven spe-
cies tracked in autumn and in five out of six
species tracked in spring (Table 1). The differences

between the age groups were greatest on the
autumn journey, the first migration undertaken by
juveniles. Extreme age-related differences on
autumn journeys were shown by Barnacle Geese
(35 vs. 5% for juveniles and adults), for Snow
Geese (34 vs. 1%) and various raptors (31 vs. 2%).
This age difference was marked in geese despite
the juveniles travelling with their parents. In sev-
eral raptor species, in which juvenile mortality was
high on their first autumn migration, the surviving
juveniles did not return to their natal areas the
next spring, but only in a later spring. In other
species, age differences, which were marked in
autumn, had largely disappeared by the following
spring journey. For example, among Black-tailed
Godwits migrating between the Netherlands and
West Africa, mortality of juveniles on the autumn
journey was about four times higher than that of
adults (25 vs. 6%, P = 0.039), but on the return
spring journey, mortality in both groups was high
and the difference between them was less and not
statistically significant (20 vs. 27%, P = 0.584,
Verhoeven et al. 2022). Moreover, in some spe-
cies, those juveniles that fledged earliest in the sea-
son suffered less mortality on autumn migration
than those that fledged later and migrated at a
younger age (for Barnacle Goose see Owen &
Black 1989, for Greater Snow Goose see Menu
et al. 2005, for White Stork Ciconia ciconia see
Cheng et al. 2019).

Comparing autumn and spring journeys in juve-
nile birds, mortality emerged as relatively higher
on the autumn journey in four species for which
the comparison was possible and higher on the
spring journey in one species. Among adults, the
equivalent figures were two in autumn against 11
in spring, giving a marginally statistically significant
difference between age groups (v2 with Yates cor-
rection = 4.19, P = 0.041). The higher mortality
of juveniles on the autumn journey was generally
attributed to their inexperience, and the higher
mortality of experienced birds in spring was attrib-
uted to more adverse winds at that season than in
autumn. Poor conditions over spring migration
were noted especially in Ospreys Pandion haliae-
tus, Black Kites, Eurasian Spoonbills Platalea leu-
corodia, Black-tailed Godwits and others during
their spring crossings of the Sahara Desert (Klaas-
sen et al. 2014, Lok et al. 2015, Loonstra
et al. 2019, Sergio et al. 2019). In these and other
species, deaths were generally more frequent over
hostile than benign habitat, with many recorded
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over sea or over the Sahara Desert (for the Gulf of
Mexico, see Ward et al. 2018; for the Mediterra-
nean Sea, see Buechley et al. 2021; for the Sahara
Desert, see Strandberg et al. 2010, Sergio
et al. 2019).

Annual mortality and migration distance

Overall, no consistency emerged within species in
the relationship between migratory distance and
annual mortality. From studies on two species,
individuals making the longest migrations suffered
the highest annual mortality. Hence, among Eur-
asian Spoonbills breeding in the Netherlands, birds
that migrated to Mauritania showed 20% annual
mortality, whereas those migrating to Iberia and
France showed 8% and 7%, respectively, these dif-
ferences resulting mainly from mortality on spring
migration (18%, 5.5% and 5.1%, respectively)
(Lok et al. 2015). Similarly, among White Storks
tracked from Germany round the east end of the
Mediterranean to Africa, six out of 54 tagged juve-
niles remained to winter in Europe and none died,
whereas the rest went on to Africa and 62% died,
another statistically significant difference (Rotics
et al. 2017). In addition, juveniles of the Spanish
White Stork population that wintered in sub-
Saharan Africa showed an annual mortality of
90%, whereas juveniles from central Europe win-
tering in Spain or northern Morocco showed an
annual mortality of 52%. The equivalent figures
for second-year storks were 50% and 37%, and for
older storks 10% and close to 0%, respectively
(B�ecares et al. 2019). Hence, in all these age
groups of White Storks from different populations,
annual mortality was greater in birds making lon-
ger journeys, although it was unclear whether the
extra mortality occurred on migration or in the
wintering areas (but see Cheng et al. 2019). Birds
making longer journeys were also crossing the
Sahara Desert, which may have brought risks addi-
tional to those associated merely with the length
of journey. The opposite findings emerged among
adult male Common Cuckoos Cuculus canorus
migrating from Britain to tropical Africa, in which
individuals taking the longer of two routes experi-
enced lower annual mortality than those taking
the shorter route (Hewson et al. 2016).

Greater Flamingos Phoenicopterus roseus breed-
ing in southern France were unusual in that,
among birds that were 1–2 years old, short-
distance migrants showed lower annual mortality

than long-distance migrants, whereas in older birds
the long-distance migrants suffered less (Sanz-
Aguilar et al. 2012). It seemed that long-distance
migration was costly for young, inexperienced indi-
viduals, but for adults, the more distant wintering
areas offered more favourable conditions for over-
winter survival (Sanz-Aguilar et al. 2012). In some
of the above species, the lower mortality of short-
distance migrants may have been associated with
recent climate or other man-made change, giving
better conditions than previously in places nearer
to breeding areas.

In some other species, however, no differences
in annual mortality were apparent between birds
making short or longer journeys. This held among
Greater Snow Geese using different breeding areas
but the same wintering area (Souchay et al. 2015),
among adult Trumpeter Swans using the same
breeding area but different wintering areas (Varner
& Eichholz 2012), and among Tundra Swans using
different breeding and different wintering areas
(Ely & Meixell 2016). Among Tundra Swans,
return migration distances from five different
breeding areas across Alaska varied between 1020
and 12 720 km, but birds at the two extremes of
distance had the lowest annual mortality rates (Ely
& Meixell 2016). Among Trumpeter Swans,
although no difference in yearly mortality was
found between short- and long-distance adult
migrants, among immatures the long-distance birds
suffered lower mortality than short-distance birds
(Varner & Eichholz 2012). Other studies showing
no relationship between migration distance and
annual mortality (but not eligible for inclusion in
the tables) involved Sanderlings Calidris alba
(Reneerkens et al. 2020), Northern Gannets Morus
bassanus (Pelletier et al. 2020) and Lesser Black-
backed Gulls (Kentie et al. 2023). There was
therefore no consistency in whether short- or
longer-distance migrants of the same species
showed the lowest annual mortality, at least over
the periods covered by these studies.

DISCUSSION

In some early studies, the attachment of tracking
devices was found to add to the risk of mortality
(reviews: Barron et al. 2010, Bodey et al. 2018,
Geen et al. 2019). [Correction added on 23 Febru-
ary 2024, after first online publication: The
author's surname Graham R. Green has been
corrected as Graham R. Geen in this version.] In
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none of the core studies cited here was any such
problem explicitly reported, and most were based
on tag and harness designs that had been improved
in response to earlier problems. Apart from some
raptor studies, all those based on satellite tracking
were post-2000. The possibility remains that in
some studies cited here the equipment used may
have added to the risk of mortality, and more so
during migration than stationary periods. It may
also have affected other aspects of performance not
considered here. Nevertheless, while 20 of the 31
studies in Table 1 involved the use of harnesses
and transmitters, the other 11 were based on ring-
ing or other marking methods expected to have
minimal, if any, influence on survival. Yet most of
these latter studies also showed significantly higher
mortality during migration than during stationary
periods, and where it was examined, greater migra-
tion mortality in juveniles than older birds. More-
over, in some of the studies cited, a lack of tag
impacts on survival estimates was shown using vari-
ous ad hoc evaluations (for Black Kite see Sergio
et al. 2018, for Honey Buzzard see Meyburg &
Ziesemer 2023).

Satellite tracking has been used mainly on larger
species, with an additional bias to certain groups,
such as waders, raptors and large waterfowl. The
paucity of data for pelagic seabirds can be attrib-
uted to many of the relevant tracking studies using
archival geolocators, which require that birds are
re-trapped to retrieve the data, usually in their
nesting places (e.g. Guilford et al. 2009, Harris
et al. 2009). This means that only survivors are re-
caught. In addition, seabird survival is typically
very high, so big samples are needed to reveal reli-
able mortality estimates for different times of year.
Over land areas, data from some kinds of archival
tags can now be downloaded via the Global Sys-
tem for Mobile Communication (GSM, or mobile
phone network, Cheng et al. 2019), but receivers
are lacking over oceanic and some land areas. The
further development of methods to download such
data from afar could change this situation in
future, yielding data from pelagic birds and also
from other species too small to carry satellite tags.

The studies in Tables 1–3 probably reflect mor-
tality rates typical of most journeys in the species
concerned, but mass mortality events, affecting
many thousands of birds at a time, have occasion-
ally been recorded (Newton 2007, 2008). Almost
all occurred during adverse weather, either during
the journey itself, soon after arrival in breeding

areas in spring, or just before departure from
breeding areas in late summer or autumn. Other
large-scale mortalities among migrating birds have
been documented in recent years in association
with outbreaks of the avian influenza virus (H5N1
strain): for example, at Qinghai Lake in China
where more than 5000 Bar-headed Geese Anser
indicus died of this cause in 2005 (Chen
et al. 2005). Yet other large-scale mortalities have
often been recorded at tall lighted structures such
as communication towers, high-rise buildings and
wind turbines (e.g. Longcore et al. 2012, Loss
et al. 2013, Elmore et al. 2021). However, because
such migrants are drawn from large areas, it is
again not normally possible to tell how much such
deaths contribute to total annual mortality or to
population levels.

Extreme situations aside, daily mortality rates in
most of the species studied were clearly much
higher during migration than at other times of year
(in some species more than 20 times higher). This
was shown in studies based on ringing or other
marking, and also in those on other species based
on satellite tracking (Table 3). Mortality rates dur-
ing migration were often also higher in juveniles
than in experienced adults, especially on first
autumn journeys (Table 3). Adults more often
showed higher mortality on spring journeys,
mainly attributed to adverse winds. Mortality rates
were also often higher during the crossing of sig-
nificant barriers, such as the Sahara Desert or Gulf
of Mexico, than over more benign terrain (Klaas-
sen et al. 2014, Ward et al. 2018). Hence, in many
species, mortality during migration periods con-
tributed well over half the total annual mortality,
up to 85% in one small songbird species and 100%
in some immature vultures tracked for only 1 year.
Most of the studies reported here referred to long-
distance migrants, and whether similar findings
hold for shorter-distance migrants remains to
be seen.

In some of the larger species studied, human
hunting may have influenced recorded mortality
rates. Examples included Pacific Brant Branta ber-
nicla nigricans and Emperor Geese Anser canagicus
especially in spring, and perhaps also Greater
Snow Geese and Eurasian Whimbrels Numenius
phaeopus (Ward et al. 1997, Menu et al. 2005,
Hupp et al. 2008, Watts et al. 2019). Other exam-
ples may have included raptors, especially those
migrating to Africa where hunting of all large birds
seems to have increased in recent decades (Zwarts
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et al. 2009). At the other extreme, lack of any
obvious increase in mortality during migration was
apparent in the adults of some long-lived species
(with high annual survival) making mainly over-
land journeys, and for which much larger samples
of year-round tracked individuals would be needed
to reveal any seasonal variations in mortality that
might exist. The same constancy of mortality
through the year may not have held in juveniles of
these species, but no results for juveniles were
presented.

Age differences

It is not hard to explain why juveniles suffer
greater losses on migration than adults, because
juveniles are inexperienced and inefficient in vari-
ous ways. Typically, they feed less proficiently
than adults and, being of lower dominance status,
often lose out in competition for food at stopover
sites (e.g. R€osner 1990, Woodrey 2000, Heise &
Moore 2003). They therefore accumulate migra-
tory fat less rapidly, often stay longer at stopover
sites and migrate more slowly (review New-
ton 2006; see also Ellegren 1991, Morris
et al. 1996, Woodrey 2000, Ueta & Higuchi 2002,
Mellone et al. 2013, P�eron & Gr�emillet 2013,
McKinnon et al. 2014, Evens et al. 2017). In addi-
tion, juveniles are less skilled at avoiding preda-
tion, and on stopover have been recorded as being
killed selectively compared with adults
(Bijlsma 1990, van den Hout et al. 2008).

In soaring species, older birds have more effi-
cient flight than juveniles, reflected in higher climb
efficiency, improved soaring/flapping ratios and
faster migration speeds, all leading to reduced
energy expenditure on the same journeys (Wei-
merskirch et al. 2006, Harel et al. 2016, Rotics
et al. 2016). In White Storks, tracked juveniles
migrated alongside adults, but their inexperience
led to their less efficient feeding (lower peck suc-
cess), longer stopovers, less efficient flight and
greater energy expenditure per distance covered
(Rotics et al. 2016).

In general, juveniles are less good at navigating
than adults, and in consequence may more often
wander off route and make longer journeys (Muel-
ler et al. 2013, P�eron & Gr�emillet 2013). They are
more likely to be drifted off course by crosswinds,
and more likely to become concentrated in coastal
areas (Murray 1966, Ralph 1971). Out-of-range
vagrants that are trapped at bird observatories are

almost all first-year birds, as are individuals that in
spring ‘overshoot’ their normal breeding range
(Newton 2008). Among individual Black Kites, an
ability to compensate for lateral drift developed
gradually over several years, as experience was
gained, and poor navigators were subject to
enhanced mortality (Sergio et al. 2022).

Juveniles also seem less good at judging weather
conditions than adults, and more often set off in
suboptimal conditions. This can lead to additional
energy expenditure, to off-course drift, to longer
and more delayed journeys and sometimes also to
deaths. For example, among Savannah Sparrows
Passerculus sandwichensis, juveniles departed under
wind conditions that were less supportive than
those used by adults, resulting in juveniles taking
40% longer to complete their journeys (Mitchell
et al. 2015). Under the same adverse weather,
juveniles in several studies suffered greater mortal-
ity than adults (Owen & Black 1989, Thorup
et al. 2003, Sergio et al. 2014). For all these rea-
sons, therefore, juveniles would be expected to
survive migration less well than older more experi-
enced birds.

CONCLUDING COMMENTS AND
FURTHER WORK

Although enhanced mortality represents a major
cost of migration in many birds, for the migratory
habit to persist, migration losses are presumably
less in the long run than any losses that would
occur if the birds stayed in their breeding areas all
year. Migration among birds presumably involves a
trade-off between the fitness benefits of breeding
and wintering in separate regions and the fitness
costs of the to-and-fro journeys. The fact that mor-
tality events associated with migration are not
more frequent than they are is testimony to the
adaptive behaviour of birds in avoiding dangerous
areas or dangerous weather, either by circumvent-
ing such areas or, in the case of weather, by not
flying then.

It is hard to see how studies of migration mor-
tality based on ringing or colour marking could be
much improved in future. Ideally, they should
involve studies of the same population in both
breeding and wintering areas, and sampling should
be undertaken in each area soon after the birds
arrive and just before they depart. This potentially
enables, for birds which show high fidelity to both
breeding and wintering areas, separate estimates of
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mortality to be made for both autumn and spring
migrations and for periods on breeding and winter-
ing areas. Only for large waterfowl and cranes,
with their high site fidelity, has it proved possible
to sample the same population in this way
throughout the year (e.g. Owen & Black 1989,
Menu et al. 2005, Pearse et al. 2019). In passerine
studies, different sectors of the overall population
were sampled in breeding and wintering areas (Sil-
lett & Holmes 2002, Paxton et al. 2017, Rockwell
et al. 2017).

Throughout their history, the primary aim of
tracking studies on birds has been to determine
migration routes, and for most of this period, it
was practically impossible to separate mortality
from the frequent tag failures. As equipment and
harness designs have improved, gaining reliable
mortality estimates over different periods of the
year has become much more feasible, providing
that sufficient numbers of birds can be tagged.
More studies could now be designed with mortal-
ity estimation in mind from the start. In addition,
other estimates may well be feasible from tracking
data already in hand but where mortality estima-
tion was not an initial objective. Some studies have
provided mortality estimates for different periods
of year, but not corresponding precisely with
migration periods (e.g. Gauthier et al. 2001). Ide-
ally, if we are to obtain a better and more repre-
sentative understanding of the mortality costs of
migration in birds, more studies are needed, clearly
separating migration from stationary periods, and
spanning a wider range of species, travelling
through both benign and hostile terrain. For large,
long-lived species with low annual mortality rates,
large samples will be needed to demonstrate signif-
icant variation in mortality through the year. More
studies on more species would enable us to better
define the conditions under which migration mor-
tality occurs, and how it impacts population levels,
the species most at risk, more precisely define
areas where such mortality occurs, and how it
might alter under climate change. Hopefully, this
brief review will help to stimulate further work
along these lines.

I thank all researchers who have contributed to the stud-
ies discussed in this paper and I am grateful to Mike
McGrady and an anonymous referee for helpful com-
ments on the manuscript.

AUTHOR CONTRIBUTIONS

Ian Newton: Conceptualization; methodology; inves-
tigation; validation; formal analysis; writing – original
draft; writing – review and editing; resources.

CONFLICT OF INTEREST
STATEMENT

The author declares no conflicts of interest.

ETHICAL NOTE

None.

FUNDING

None.

REFERENCES

Barron, D.G., Brawn, J.D. & Weatherhead, P.J. 2010. Meta-
analysis of transmitter effects on avian behavior and
ecology. Methods Ecol. Evol. 1: 180–187.

B�ecares, J., Blas, J., L�opez-L�opez, P., Schulz, H., Torres-
Medina, F., Flack, A., Enggist, P., H€ofle, U., Bermejo, A.
& De la Puente, J. 2019. Migraci�on y ecolog�ıa espacial de
la cig€ue~na blanca en Espa~na. Monograf�ıa No. 5 del
programa Migra. Madrid: SEO/BirdLife.

Bijlsma, R.G. 1990. Predation by large falcon species on
wintering waders on the banc d’Arguin, Mauritania. Ardea
78: 75–82.

Bodey, T.W., Cleasby, I.R., Bell, F., Parr, N., Schultz, A.,
Votier, S.C. & Bearhop, S. 2018. A phylogenetically
controlled meta-analysis of biologging device effects on
birds: deleterious effects and a call for more standardized
reporting of study data. J. Anim. Ecol. 9: 946–955.

Buechley, E.R., Oppel, S., Efrat, R., Phipps, W.L., Alanis,
I.C., �Alvarez, E., Andreotti, A., Arkumarev, V., Berger-Tal,
O., Bermejo Bermejo, A., Bounas, A., Ceccolini, G.,
Cenerini, A., Dobrev, V., Duriez, O., Garc�ıa, J., Garc�ıa-
Ripoll�es, C., Gal�an, M., Gil, A., Giraud, L., Hatzofe, O.,
Iglesias-Lebrija, J.J., Karyakin, I., Kobierzycki, E., Kret,
E., Loercher, F., L�opez-L�opez, P., Miller, Y., Mueller, T.,
Nikolov, S.C., de la Puente, J., Sapir, N., Saravia, V.,
S�ekercio�glu, C� .H., Sillett, T.S., Tavares, J., Urios, V. &
Marra, P.P. 2021. Differential survival throughout the full
annual cycle of a migratory bird presents a life-history trade-
off. J. Anim. Ecol. 90: 1228–1238.

Casazza, M.L., Coates, P.S., Overton, C.T. & Howe, K.B.
2015. Intra-annual patterns in adult band-tailed pigeon
survival estimates. Wildl. Res. 42: 454–459.

Chen, H., Smith, G.J.D., Zhang, S.Y., Qin, K., Wang, J.,
Li, K.S., Webster, R.G., Peiris, J.S.M. & Guan, Y. 2005.
H5H1 virus outbreak in migratory waterfowl. Nature 436:
191–192.

© 2024 The Authors. Ibis published by John Wiley & Sons Ltd on behalf of British Ornithologists' Union.

120 I. Newton

 1474919x, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ibi.13316 by U

K
 C

entre For E
cology &

 H
ydrology, W

iley O
nline L

ibrary on [13/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Cheng, Y., Fiedler, W., Wikelski, M. & Flack, A. 2019.
‘Closer-to-home’ strategy benefits juvenile survival in a long-
distance migratory bird. Ecol. Evol. 9: 8945–8952.

Ellegren, H. 1991. Stopover ecology of autumn migrating
Bluethroats Luscinia s. svecica in relation to age and sex.
Ornis Scand. 22: 340–348.

Elmore, J.A., Hager, S.B., Cosentino, B.J., O’Connell, T.J.,
Riding, C.S., Anderson, M.L., Bakermans, M.H., Boves,
T.J., Brandes, D., Butler, E.M., Butler, M.W., Cagle, N.L.,
Calder�on-Parra, R., Capparella, A.P., Chen, A., Cipollini,
K., Conkey, A.A.T., Contreras, T.A., Cooper, R.I., Corbin,
C.E., Curry, R.L., Dosch, J.J., Dyson, K.L., Fraser, E.E.,
Furbush, R.A., Hagemeyer, N.D.G., Hopfensperger, K.N.,
Klem, D. Jr., Lago, E.A., Lahey, A.S., Machtans, C.S.,
Madosky, J.M., Maness, T.J., McKay, K.J., Menke, S.B.,
Ocampo-Pe~nuela, N., Ortega-�Alvarez, R., Pitt, A.L., Puga-
Caballero, A., Quinn, J.E., Roth, A.M., Schmitz, R.T.,
Schnurr, J.L., Simmons, M.E., Smith, A.D., Varian-
Ramos, C.W., Walters, E.L., Walters, L.A., Weir, J.T.,
Winnett-Murray, K., Zuria, I., Vigliotti, J. & Loss, S.R.
2021. Correlates of bird collisions with buildings across
three north American countries. Conserv. Biol. 35: 654–665.

Ely, C.R. & Meixell, B.W. 2016. Demographic outcomes of
diverse migration strategies assessed in a metapopulation of
Tundra Swans. Mov. Ecol. 4: 10.

Evens, R., Beenaerts, N., Witters, N. & Artois, T. 2017.
Repeated migration of a juvenile European nightjar
Caprimulgus europaeus. J. Ornithol. 158: 881–886.

Fronczak, D.L., Anderson, D.E., Hanna, D.E. & Cooper,
T.R. 2015. Annual survival rate estimate of satellite
transmitter-marked eastern populations of greater sandhill
cranes. J. Fish Wildl. Manag. 6: 464–471.

Gauthier, G., Pradel, R., Menu, S. & Lebreton, J.-M. 2001.
Seasonal survival of greater snow geese and effect of
hunting under dependence in sighting probability. Ecology
82: 3105–3119.

Geen, G.R., Robinson, R.A. & Baillie, S.R. 2019. Effects of
tracking devices on individual birds. J. Avian Biol. 50:
e01823. https://doi.org/10.1111/jav.01823

Guilford, T.C., Meade, J., Willis, J., Phillips, R.A., Boyle, D.,
Roberts, S., Collett, M., Freeman, R. & Perrins, C.M.
2009. Migration and stopover in a small pelagic seabird, the
Manx shearwater Puffinus puffinus: insights from machine
learning. Proc. R. Soc. B 276: 1215–1223.

Harel, R., Horvitz, N. & Nathan, R. 2016. Adult vultures
outperform juveniles in challenging thermal soaring
conditions. Sci. Rep. 6: 27865.

Harris, M.P., Daunt, F., Newell, M., Phillips, R.A. &
Wanless, S. 2009. Wintering areas of adult Atlantic puffins
Fratercula arctica from a North Sea colony as revealed by
geolocation technology. Mar. Biol. 157: 827–836.

Heise, C.W. & Moore, F.R. 2003. Age-related differences in
foraging efficiency, moult and fat deposition of gray catbirds
prior to autumn migration. Condor 105: 496–504.

Hewson, C.M., Thorup, K., Pearce-Higgins, J.W. &
Atkinson, P.W. 2016. Population decline is linked to
migration route in the common cuckoo. Nat. Commun. 7:
12296.

van den Hout, P.J., Spaans, B. & Piersma, T. 2008.
Differential mortality of wintering shorebirds on the banc
d’Arguin, Mauritania, due to predation by large falcons. Ibis
150(Suppl. 1): 219–230.

Hupp, J.W., Schmutz, J.A. & Ely, C.R. 2008. Seasonal
survival of radio-marked emperor geese in western Alaska.
J. Wildl. Manag. 72: 1584–1595.

Ib�a~nez-�Alamo, J.D., R€uhman, J., P�erez-Contreras, T. &
Soler, M. 2019. Migration behaviour and performance of the
great spotted cuckoo Clamator glandarius. PLoS One 14:
e0208436.

Kentie, R., Brown, J.M., Camphuysen, K.C.J. & Shamoun-
Baranes, J. 2023. Distance doesn’t matter: migration
strategy in a seabird has no effect of survival or
reproduction. Proc. R. Soc. B 290: 20222408.

Klaassen, R.H.G., Ens, B.J., Shamoun-Baranes, J., Exo, K.-
M. & Bairlein, F. 2012. Migration strategy of a flight
generalist, the lesser Black-backed Gull Larus fuscus.
Behav. Ecol. 23: 58–68.

Klaassen, R.H.G., H�ake, M., Strandberg, R., Koks, B.,
Trierweiler, C., Exo, K.-M., Bairlein, F. & Alerstam, T.
2014. When and where does mortality occur in migratory
birds? Direct evidence from long-term satellite tracking of
raptors. J. Anim. Ecol. 83: 176–184.

Lane, J.V., Pollock, C.J., Jeavons, R., Sheddon, M.,
Furness, R.W. & Hamer, K.C. 2021. Post-fledging
movements, mortality and migration of juvenile Northern
Gannets. Mar. Ecol. Prog. Ser. 671: 207–218.

Lok, T., Overdijk, O. & Piersma, T. 2015. The cost of
migration: spoonbills suffer higher mortality during trans-
Saharan spring migrations only. Biol. Lett. 11: 20140944.

Longcore, T., Rich, C., Mineau, P., MacDonald, B., Bert,
D.G., Sullivan, L.M., Mutrie, E., Gauthreaux, S.A., Avery,
M.L., Crawford, R.L., Manville, A.M., Travis, E.R. &
Drake, D. 2012. An estimate of avian mortality at
communication towers in the United States and Canada.
PLoS One 7: e34025.

Loonstra, A.H.J., Verhoeven, M.A., Senner, N.R., Both, C.
& Piersma, T. 2019. Adverse wind conditions during
northward Sahara crossings increase the in-flight mortality of
Black-tailed godwits. Ecol. Lett. 22: 2060–2066.

Loss, S.R., Will, T. & Marra, P.P. 2013. Estimates of bird
collision mortality at wind facilities in the contiguous United
States. Biol. Conserv. 168: 201–209.

McIntyre, C.L., Collopy, M.W. & Lindberg, M.S. 2006.
Survival probability and mortality of migratory juvenile
Golden Eagles from Interior Alaska. J. Wildl. Manag. 70:
717–722.

McKinnon, E.A., Fraser, K.C., Stanley, C.Q. & Stutchbury,
B.J.M. 2014. Tracking from the tropics reveals behaviour of
juvenile songbirds on their first spring migration. PLoS One
9: e105605.

Mellone, U., L�opez-L�opez, P., Limi~nana, R., Piasevoli, G. &
Urios, V. 2013. The trans-equatorial loop migration system
of Eleonora’s falcon: differences in migration patterns
between age classes, regions and seasons. J. Avian Biol.
44: 417–426.

Menu, S., Gauthier, G. & Reed, A. 2005. Survival of young
greater snow geese (Chen caerulescens atlantica) during
fall migration. Auk 122: 479–496.

Meyburg, B.-U. 2021. Lesser spotted eagle Clanga pomarina.
In Panuccio, M., Mellone, U. & Agostini, A. (eds) Migration
Strategies of Birds of Prey in Western Palearctic: 76–87.
Boca Raton, FL: CRC Press.

Meyburg, B.-U. & Ziesemer, F. 2023. Where and when Does
Mortality Occur in Adult European Honey-Buzzards Pernis

© 2024 The Authors. Ibis published by John Wiley & Sons Ltd on behalf of British Ornithologists' Union.

Migration mortality in birds 121

 1474919x, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ibi.13316 by U

K
 C

entre For E
cology &

 H
ydrology, W

iley O
nline L

ibrary on [13/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/jav.01823


Apivorus Breeding in Germany, Based on Satellite
Telemetry? Vogelwelt 141: in press.

Mi, C., Møller, A.P. & Guo, Y. 2018. Annual spatio-temporal
migration patterns of hooded cranes in Izumi based on
satellite tracking and their implications for conservation.
Avian Res. 9: 23.

Mitchell, G., Woodworth, B., Taylor, P.D. & Norris, R. 2015.
Automated telemetry reveals age-specific differences in
flight duration and speed are driven by wind conditions in a
migratory songbird. Mov. Ecol. 3: 19.

Morris, S.R., Holmes, D.W. & Richmond, M.E. 1996. A 10-
year study of the stopover patterns of migratory passerines
during fall migration on Appledore Island, Maine. Condor 98:
395–409.

Mueller, T., O’Hara, R.B., Converse, S.J., Urbanek, R.P. &
Fagan, W.F. 2013. Social learning of migratory
performance. Science 341: 999–1002.

Murray, B.G. 1966. Migration of age and sex classes of
passerines on the Atlantic coast in autumn. Auk 83:
352–360.

Newton, I. 2006. Can conditions experienced during migration
limit the population levels of birds? J. Ornithol. 147:
146–166.

Newton, I. 2007. Weather-related mass-mortality events in
migrants. Ibis 149: 453–467.

Newton, I. 2008. The Migration Ecology of Birds. London:
Academic Press.

Oppel, S., Dobrev, V., Arkumarev, V., Saravia, V., Bounas,
A., Kret, E., Velevski, M., Stoychev, S. & Nikolov, S.C.
2015. High juvenile mortality during migration in a declining
population of a long-distance migratory raptor. Ibis 157:
545–557.

Owen, M. & Black, J.M. 1989. Factors affecting the survival
of barnacle geese on migration from the breeding grounds.
J. Anim. Ecol. 56: 603–617.

Page, G.W., Warnock, N., Tibbitts, T.L., Jorgensen, D.,
Hartman, C.A. & Stenzel, L.E. 2014. Annual migratory
patterns of long-billed curlews in the American west. Condor
12: 50–61.

Palac�ın, C., Alonso, J.C., Mart�ın, C.A. & Alonso, J.A. 2016.
Changes in bird-migration patterns associated with human-
induced mortality. Conserv. Biol. 31: 106–115.

Paxton, E.H., Durst, S.L., Sogge, M.K., Koronkiewicz, T.J.
& Paxton, K.L. 2017. Survivorship across the annual cycle
of a migratory passerine, the willow flycatcher. J. Avian Biol.
48: 1126–1131.

Pearse, A.T., Brandt, D.A., Hartup, B.K. & Bidwell, M.T.
2019. Mortality in Aransas-wood Buffalo whooping cranes:
timing, location and causes. In Nyhus, P.J., French, J.B.,
Converse, S.J. & Austin, J.E. (eds) Whooping Cranes:
Biology and Conservation: 125–138. New York: Academic
Press.

Pelletier, D., Seyer, Y., Garthe, S., Bonnefoi, A., Phillips,
R.A. & Guillemette, M. 2020. So far, so good: similar
fitness consequences and overall energetic costs for short
and long-distance migrants in a seabird. PLoS One 15:
e030262.

P�eron, C. & Gr�emillet, D. 2013. Tracking through life stages:
adult, immature and juvenile autumn migration in a long-
lived seabird. PLoS One 6: e72713.

Proch�azka, P., Hahn, S., Rolland, S., van der Jeugd, H.,
Cs€org€o, T., Jiguet, F., Mowkwa, T., Liechti, F.,

Vangeluwe, D. & Korner-Nievergely, F. 2017. Delineating
large-scale migratory connectivity of Reed Warblers using
integrated multistate models. Divers. Distrib. 123: 27–40.

Ralph, C.J. 1971. An age differential of migrants in coastal
California. Condor 73: 243–246.

Reneerkens, J., Versluijs, T., Piersma, T., Alves, J.A.,
Boorman, M., Corse, C., Gilg, O., Hallgrimsson, G.T.,
Lang, J., Loos, B., Ntiamoa-Baidu, Y., Nuoh, A.A., Potts,
P.M., Ten Horn, J. & Lok, T. 2020. Low fitness at low
latitudes: wintering in the tropics increases migratory delays
and mortality rates in an Arctic breeding bird. J. Anim. Ecol.
89: 691–703.

Robinson, R.A., Meier, C.M., Witvliet, W., K�ery, M. &
Schaub, M. 2020. Survival varies seasonally in a migratory
bird: linkages between breeding and non-breeding periods.
J. Anim. Ecol. 89: 2111–2121.

Rockwell, S.M., Wunderle, J.M., Sillett, T.S., Bocetti, C.I.,
Ewert, D.N., Currie, D., White, J.D. & Marra, P.P. 2017.
Seasonal survival estimation for a long-distance migratory
bird and the influence of winter precipitation. Oecologia 183:
715–726.

R€osner, H.U. 1990. Are there age-dependent differences in
migration patterns and choice of resting sites in dunlin
Calidris alpina. J. Ornithol. 131: 121–139.

Rotics, S., Kaatz, M., Resheff, Y.S., Turjeman, S.F., Zurell,
D., Sapir, N., Eggers, U., Flack, A., Fiedler, W., Jeltsch,
F., Wikelski, M. & Nathan, R. 2016. The challenges of the
first migration: movement and behaviour of juvenile vs. adult
White Storks with insights regarding juvenile mortality. J.
Anim. Ecol. 85: 938–947.

Rotics, S., Turjeman, S., Kaatz, M., Resheff, Y.S., Zurell, D.,
Sapir, N., Eggers, U., Fiedler, W., Flack, A., Jeltsch, F.,
Wikelski, M. & Nathan, R. 2017. Wintering in Europe
instead of Africa enhances juvenile survival in a long-
distance migrant. Anim. Behav. 126: 79–88.

Rushing, C., Hostetler, J.A., Sillett, T.S., Marra, P.P.,
Rotenberg, J.A. & Ryder, T.B. 2017. Spatial and temporal
drivers of avian population dynamics across the annual
cycle. Ecology 98: 2837–2850.

Sanz-Aguilar, A., Bechet, A., Germain, C., Johnson, A.R. &
Pradel, R. 2012. To leave or not to leave: survival trade-offs
between different migratory strategies in the greater
flamingo. J. Anim. Ecol. 81: 1171–1182.

Senner, N.R., Verhoeven, M.A., Abad-G�omez, J.M., Alves,
J.A., Hooijmeijer, J.C., Howison, R.A., Kentie, R.,
Loonstra, A.H., Masero, J.A., Rocha, A.D., Stager, M. &
Piersma, T. 2019. High migratory survival and highly
variable migratory behaviour in Black-tailed godwits. Front.
Ecol. Evol. 7: 1–11.

Sergio, F., Tanferna, A., De Stephanis, R., Jim�enez, L.L.,
Blas, J., Tavecchia, G., Preatoni, D. & Hiraldo, F. 2014.
Individual improvements and selective mortality shape
lifelong migratory performance. Nature 515: 410–413.

Sergio, F., Tanferna, A., Blas, J., Blanco, G. & Hiraldo, F.
2018. Reliable methods for identifying animal deaths in
GPS- and satellite tracking data: review, testing and
calibration. J. Appl. Ecol. 56: 562–572.

Sergio, F., Tavecchia, G., Tanferna, A., Blas, J., Blanco, G.
& Hiraldo, F. 2019. When and where mortality occurs
throughout the annual cycle changes with age in a migratory
bird: individual vs population implications. Sci. Rep. 9:
17352.

© 2024 The Authors. Ibis published by John Wiley & Sons Ltd on behalf of British Ornithologists' Union.

122 I. Newton

 1474919x, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ibi.13316 by U

K
 C

entre For E
cology &

 H
ydrology, W

iley O
nline L

ibrary on [13/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Sergio, F., Barbosa, J.M., Tanferna, A., Silva, R., Blas, R. &
Hiraldo, F. 2022. Compensation for wind drift during raptor
migration improves with age through mortality selection. Nat.
Ecol. Evol. 6: 989–997.

Sherub, S., Fiedler, W., Duriez, O. & Wikelski, M. 2017. Bio-
logging, new technologies to study conservation on the
move: a case study on annual survival of Himalayan
vultures. J. Comp. Physiol. 203: 531–542.

Sillett, T.S. & Holmes, R.T. 2002. Variation in survivorship of
a migratory songbird throughout its annual cycle. J. Anim.
Ecol. 71: 296–308.

Souchay, G., Gauthier, G., Lefebvre, J. & Pradel, R. 2015.
Absence of difference in survival between two distant
breeding sites of greater snow geese. J. Wildl. Manag. 79:
570–578.

Strandberg, R., Klaassen, R.H.G., H�ake, M. & Alerstam, T.
2010. How hazardous is the Sahara Desert crossing for
migratory birds? Indications from satellite tracking of raptors.
Biol. Lett. 6: 297–300.

Swift, R.J., Rodewald, A.D., Johnson, J.A., Andres, B.A. &
Senner, N.R. 2020. Seasonal survival and reversible state
effects in a long-distance migratory shorebird. J. Anim. Ecol.
89: 2043–2055.

Thorup, K., Alerstam, T., H�ake, M. & Kjell�en, N.B. 2003.
Bird orientation: compensation for wind drift in migrating
raptors is age dependent. Proc. R. Soc. Lond. B 270:
S8–S11.

Ueta, M. & Higuchi, H. 2002. Difference in migration pattern
between adult and immature birds using satellites. Auk 119:
832–835.

Vansteelant, W.M.G., Kekkonen, J. & Byholm, P. 2017.
Wind conditions and geography shape the first outbound
migration of juvenile honey buzzards and their distribution
across sub-Saharan Africa. Proc. R. Soc. B 284: 1855.

Varner, D.M. & Eichholz, M.W. 2012. Annual and seasonal
survival of trumpeter swans in the upper Midwest. J. Wildl.
Manag. 76: 129–135.

Verhoeven, M.A., Loonstra, A.H.J., McBride, A.D.,
Kaspersma, W., Hoojimeijer, J.C.E.W., Both, C., Senner,

N.R. & Piersma, T. 2022. Age-dependent timing and routes
demonstrate developmental plasticity in a long-distance
migratory bird. J. Anim. Ecol. 91: 566–579.

Wanless, S., Frederiksen, M., Harris, M.P. & Freeman, S.N.
2006. Survival of gannets Morus bassanus in Britain and
Ireland, 1959-2002. Bird Study 53: 79–85.

Ward, D.H., Rexstad, E.A., Sedinger, J.S., Lindberg, M.S. &
Dawe, N.K. 1997. Seasonal and annual survival of adult
Pacific Brant. J. Wildl. Manag. 61: 773–781.

Ward, M.P., Benson, T.J., Deppe, J., Zenzal, T.J. Jr., Diehl,
R.H., Celis-Murillo, A., Bolus, R. & Moore, F.R. 2018.
Estimating apparent survival of songbirds crossing the Gulf
of Mexico during autumn migration. Proc. R. Soc. B 285:
20181747.

Watts, B.D., Smith, F.M., Hamilton, D.J., Keyes, T. &
Paquet, J. 2019. Seasonal variation in mortality rates for
whimbrels (Numenius phaeopus) using the Western Atlantic
flyway. Condor 121: 1–13.

Weimerskirch, H., Akesson, S. & Pinaud, D. 2006. Postnatal
dispersal of wandering albatrosses Diomedia exulans:
implications for the conservation of the species. J. Avian
Biol. 37: 23–28.

Wernham, C. & Siriwardena, G. 2002. Analysis and
interpretation of the ring recovery data. In Wernham, C.,
Toms, M., Marchant, J., Clark, J., Siriwardena, G. & Baillie,
S. (eds) The Migration Atlas. Movements of the Birds of
Britain and Ireland: 44–69. London: T&AD Poyser.

Woodrey, M.S. 2000. Age-dependent aspects of stopover
biology of passerine migrants. Stud. Avian Biol. 20: 43–52.

Zwarts, L., Bijlsma, R.G., van der Kamp, J. & Wymenga, E.
2009. Living on the Edge: Wetlands and Birds in a
Changing Sahel. Zeist: KNNV Publishing.

Received 9 May 2023;
Revision 22 January 2024;

revision accepted 31 January 2024.
Associate Editor: Simon Butler.

© 2024 The Authors. Ibis published by John Wiley & Sons Ltd on behalf of British Ornithologists' Union.

Migration mortality in birds 123

 1474919x, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ibi.13316 by U

K
 C

entre For E
cology &

 H
ydrology, W

iley O
nline L

ibrary on [13/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	 METHODS USED TO ESTIMATE MIGRATION MORTALITY
	 Ringing and other marking studies
	 Tracking of individuals on migration
	 Selection of relevant papers
	ibi13316-fig-0001

	 RESULTS
	 Age differences
	 Annual mortality and migration distance

	 DISCUSSION
	 Age differences

	 CONCLUDING COMMENTS AND FURTHER�WORK
	 &nbsp;
	 AUTHOR CONTRIBUTIONS
	 CONFLICT OF INTEREST STATEMENT
	 ETHICAL�NOTE
	 FUNDING
	ibi13316-bib-0001
	ibi13316-bib-0002
	ibi13316-bib-0003
	ibi13316-bib-0004
	ibi13316-bib-0005
	ibi13316-bib-0006
	ibi13316-bib-0007
	ibi13316-bib-0008
	ibi13316-bib-0009
	ibi13316-bib-0010
	ibi13316-bib-0011
	ibi13316-bib-0012
	ibi13316-bib-0013
	ibi13316-bib-0014
	ibi13316-bib-0015
	ibi13316-bib-0016
	ibi13316-bib-0017
	ibi13316-bib-0018
	ibi13316-bib-0019
	ibi13316-bib-0020
	ibi13316-bib-0021
	ibi13316-bib-0022
	ibi13316-bib-0023
	ibi13316-bib-0024
	ibi13316-bib-0025
	ibi13316-bib-0026
	ibi13316-bib-0027
	ibi13316-bib-0028
	ibi13316-bib-0029
	ibi13316-bib-0030
	ibi13316-bib-0031
	ibi13316-bib-0032
	ibi13316-bib-0033
	ibi13316-bib-0034
	ibi13316-bib-0035
	ibi13316-bib-0036
	ibi13316-bib-0037
	ibi13316-bib-0038
	ibi13316-bib-0039
	ibi13316-bib-0040
	ibi13316-bib-0041
	ibi13316-bib-0042
	ibi13316-bib-0043
	ibi13316-bib-0044
	ibi13316-bib-0045
	ibi13316-bib-0046
	ibi13316-bib-0047
	ibi13316-bib-0048
	ibi13316-bib-0049
	ibi13316-bib-0050
	ibi13316-bib-0051
	ibi13316-bib-0052
	ibi13316-bib-0053
	ibi13316-bib-0054
	ibi13316-bib-0055
	ibi13316-bib-0056
	ibi13316-bib-0057
	ibi13316-bib-0058
	ibi13316-bib-0059
	ibi13316-bib-0060
	ibi13316-bib-0061
	ibi13316-bib-0062
	ibi13316-bib-0063
	ibi13316-bib-0064
	ibi13316-bib-0065
	ibi13316-bib-0066
	ibi13316-bib-0067
	ibi13316-bib-0068
	ibi13316-bib-0069
	ibi13316-bib-0070
	ibi13316-bib-0071
	ibi13316-bib-0072
	ibi13316-bib-0073
	ibi13316-bib-0074
	ibi13316-bib-0075
	ibi13316-bib-0076
	ibi13316-bib-0077
	ibi13316-bib-0078
	ibi13316-bib-0079
	ibi13316-bib-0080
	ibi13316-bib-0081
	ibi13316-bib-0082
	ibi13316-bib-0083
	ibi13316-bib-0084
	ibi13316-bib-0085
	ibi13316-bib-0086


