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of events, such as breeding and molting as well as migration, depends
on the availability of seasonally changing resources within the annual
cycle (27). Resource availability is likely to be most important during
breeding; thus, timing of breeding in relation to resource availability
will be more important than stopover timing. Arrival well before the
peak in insect prey abundance is common in migrants (28, 29), and it
may be impossible to consistently maximize local resources through-
out the annual cycle.

Food availability is likely to be the most important resource
throughout the annual cycle (30, 31), presumably explaining migra-
tion to breed at higher latitudes (32) and stopover timing during
spring migration (33). Arzel et al. (28) found that breeding coin-
cides with a peak in invertebrate food abundance in migratory
ducks but failed to find support for the hypothesis that they would
gain a general increase in food abundance by flying north during
spring. Other studies have assumed that migrants were either track-
ing a climatic niche (34) or staying only during a short period with
optimal resource availability, mainly limited to the migratory part of
the annual cycle (15, 16).

In general, availability of resources such as food is very difficult
to estimate, particularly across habitats and climate zones. We
focus on general vegetation measures to estimate food availability
on the basis of the well-established principle that food availability is
ultimately related to plant productivity (35).

Staying in the greenest vegetation potentially leads to generally
high food availability such as that resulting from breeding in the
Northern Hemisphere during summer and spending the nonbreeding
season in the Southern Hemisphere (36). The accelerating vegetation
growth during spring green-up provides another potentially high food
availability, also known as surfing the green wave (6, 13), although, for
insectivores, the food peak is generally delayed. Avoiding decreasing
vegetation conditions could also drive movements (15, 16).

Given the complexities of niche tracking through different climatic
zones and the variable demands during breeding and wintering
periods, we propose that, instead of following green vegetation
conditions or a constant climatic niche, some migrants might use
an alternative strategy of more broadly following pulses of resources,
that is, high relative availability of local seasonal resources (surplus
greenness; see later discussion). Food availability depends not only
on productivity but also on the density of consumers sharing the food
resource. Resident populations are thought to be limited by food avail-
ability during the seasonwhen food availability is at its lowest, whereas
clutch size is determined by per-capita food availability during the sea-
son when food availability is at its highest (37), and seasonality (the
difference between minimum and maximum level of resources) has
been linked to clutch size (38, 39). Therefore,migrantsmay potentially
be able to exploit excess or surplus resources in seasonal environments
where the density of residents is regulated by the productivity in the
season where productivity is lowest (40, 41).

We hypothesize that the migrants’ spatiotemporal schedules
could maximize greenness, surplus greenness, or change in green-
ness. We assume that prolonged migration to new staging sites
would generally occur based on the expected conditions at the new
site rather than on the actual conditions (unknown to the birds) that,
at the time of movement, must be considered. Proximate cues pre-
sumably only affect local movements [for example, as reported for
within-winter movements in a short-distance migrant songbird
(42)] because migrants are expected to rely on their innate program
to guide them over long distances (43), with this program presumably
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being adapted to longer-term averages of climate/resource availability.
Songbird migrants have been shown to regionally use the same
stopover areas for years, irrespective of local conditions (44). Thus,
we focus our analyses on average vegetation conditions over a decade
to reflect the expected conditions for a migrant.

Newly developed satellite tracking and light level–based geoloca-
tion technology now enables us to follow individual, long-distance
migratory birds throughout their annual cycles, which permits more
direct inferences about the drivers of long-distance migration and re-
gional movements of individuals (45). Using this technology, we
followed common cuckoos (n = 8) (46), red-backed shrikes (n = 18)
(44, 47), and thrush nightingales (n = 12) (44), between the Palearctic
and southern Africa. Themigration routes of these three insectivorous
species include large parts of Europe and Africa.

We used a satellite-based greenness index, NDVI, to study spatio-
temporal dynamics in food availability caused by seasonal variation in
sun radiation and rainfall. Local greenness at an intercontinental scale
was measured by averaging the observed NDVI between 2000 and
2010 at a biweekly temporal resolution in 2° latitude × 2° longitude
squares (absolute greenness; fig. S1). Local biweekly NDVI relative
to the annual average (local surplus in greenness; surplus NDVI)
was used as a proxy for ephemeral peaks in food resources. Further-
more, we calculated the change in greenness from the previous bi-
weekly period (change NDVI). Migratory animals need to fit their
annual schedule to the seasonally available resources (48). We built
a simple, coarse-scale simulation framework to investigate whether
the observed schedules were optimal with regard to greenness, surplus
greenness, or change in greenness compared to an assumption of no
optimization (49). The level at which birds select their habitat is not re-
flected in the available climate data, and favorable conditions could eas-
ily exist locally. However, these local conditions could potentially not
be driving long-term spatiotemporal schedules. Combined with the
large-scale simulation and the similarity in schedules within species,
our relatively small sample sizes are likely to reflect each species’ overall
resource optimization at the near-global level.

The amount of future suitable nonbreeding habitat is expected to
decrease for some sub-Saharan migrants and to increase for others
(50). Regardless, suitable areas based on climate change projections
will generally be further away from the breeding grounds for trans-
Saharan migrants (51). Projections of future climate imply that the
spatiotemporal distribution of resources will change, potentially
leading to a future mismatch between seasonal resources and birds’
presence (52). We investigated this potential future mismatch by
comparing observed migration schedules with end-of-century pro-
jections of seasonal vegetation greenness and local surplus of green-
ness (that is, greenness and surplus greenness, using the decade-wide
climatology).
RESULTS
Migration patterns among individuals differ considerably among the
three species examined. Our data reveal that individuals of the three
species hadmany consecutive stopovers withinAfrica. Themovement
among stopovers results from birds being able to narrowly follow the
complex seasonal vegetation changes occurring within sub-Saharan
Africa. Population patterns consistently matched the high levels of
food supply throughout the birds’ migration routes (P < 0.001 for
all species, sign test by biweekly period for greenness above average;
Figs. 1, 2, and 3A), with considerable fluctuation within and among
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individuals (fig. S4, A and B). The tracks of individual common cuck-
oos show an average greenness of 0.65 (corresponding to the 0.92 high-
est annual NDVI for any single grid cell or the 0.84 quantile compared
to the highest possible value for randommovement during consecutive
biweekly periods) with a lowest average biweekly greenness of 0.51.
Red-backed shrikes tracked an average greenness of 0.52 (0.80/0.70
quantiles) and thrush nightingales tracked an average greenness of
0.56 (0.84/0.75 quantiles). Only for cuckoos is the average greenness
significantly higher than that expected from simulated randommigra-
tion patterns, considering sub-Saharan migration distances covered
from South Scandinavian breeding grounds (P < 0.05; Fig. 3C).

Moreover, red-backed shrikes and common nightingales closely
tracked seasonal surplus in greenness (P < 0.001 for all species, sign
test by biweekly period for local surplus greenness above average;
Figs. 1, 2, and 3B and fig. S4). The average local surplus greenness
along the migratory routes of individual shrikes is 1.21 (0.85 quan-
tile for random movement) and that of nightingales is 1.19 (0.82
quantile), which is significantly higher (P < 0.05) than that of simu-
lated random sub-Saharan tracks from Scandinavian breeding
grounds for these species (Fig. 3D). Cuckoo tracks match local sur-
plus greenness (P < 0.001, sign test) but not as closely, and their av-
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erage local surplus greenness (1.15; 0.78 quantile) does not differ from
that for simulated random tracks (Fig. 3D). The local surplus green-
ness quantiles were, on average, significantly higher for shrikes and
nightingales (P < 0.001 and P < 0.05, respectively, paired t test on each
biweekly period) than greenness quantiles, whereas greenness quan-
tiles were higher in cuckoos (P < 0.01). None of the species tracked
here associated consistently with change in NDVI, neither with
increasing nor decreasing vegetation greenness (Fig. 3E).

Comparisons of end-of-century projected changes in seasonal veg-
etation greenness and local surplus of greenness show some variation
in how current migration patterns fit the projected conditions with
regard to the exact timing of resource peaks (Fig. 4). If the migration
pattern of tracked cuckoos is maintained, cuckoos would, in general,
experience less greenness during fall and more greenness during
winter and spring, but simulated tracks indicate that with slightly
changed schedules, high greenness could still be achievable. The cur-
rent schedules of shrikes and nightingales match the projected local
surplus in resources less well during early fall and late spring migra-
tion but fit better during winter. Simulated tracks indicate that even
with flexible schedules, the current match may be difficult to achieve
(Fig. 4).
Fig. 1. Spatiotemporal distribution of individuals of three transhemispheric migrant bird species in relation to seasonal changes of absolute and local sur-
plus vegetation greenness (NDVI) during the annual cycle. The map in the center shows the annual migration with general stopover areas of the common cuckoo,
red-backed shrike, and thrush nightingale indicated in yellow, red, and blue lines, respectively. Maps compare patterns of greenness (maps on the left side; dark green,
high average NDVI) and local surplus greenness (maps on the right side; dark gray, high average surplus NDVI) every 2 months from the breeding season (June) through
changing species-specific nonbreeding stopover locations. Cuckoos (n = 8; stopovers shown in yellow) maximize absolute greenness, whereas shrikes and nightingales
track local peak greenness (n = 18 and n = 12, respectively; stopovers in red and blue). (Monthly comparisons are shown in fig. S2.)
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