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Seasonal abundance and survival of North
America's migratory avifauna determined by
weather radar
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Avian migration is one of Earth's largest processes of biomass transport, involving billions of birds. We estimated continental
biomass flows of nocturnal avian migrants across the contiguous United States using a network of 143 weather radars. We show
that, relative to biomass leaving in autumn, proportionally more biomass returned in spring across the southern United States
than across the northern United States. Neotropical migrants apparently achieved higher survival during the combined migra-
tion and non-breeding period, despite an average three- to fourfold longer migration distance, compared with a more northern
assemblage of mostly temperate-wintering migrants. Additional mortality expected with longer migration distances was prob-
ably offset by high survival in the (sub)tropics. Nearctic-Neotropical migrants relying on a *higher survivorship' life-history
strategy may be particularly sensitive to variations in survival on the overwintering grounds, highlighting the need to identify

and conserve important non-breeding habitats.

tial and numerical scale”. Each year, billions of individuals
travel the Earth to reach more suitable areas in which to live
and reproduce, often covering astounding distances"**. These mass
movements constitute biomass exchanges across continents that
may profoundly influence multiple facets of ecosystem function,
through migrants’ roles as competitors, predators and prey, and
in transporting nutrients, propagules and pathogens®. Migratory
behaviour has evolved to exploit seasonal variation in resources
and environmental conditions, such that long-distance migrants
may benefit from high reproductive output on their resource-
rich temperate breeding grounds and from high survival on their
tropical overwintering grounds. However, spatiotemporal patterns
in mortality and recruitment within migratory bird communities
remain poorly understood®. In particular, the relative importance
of recruitment and overwintering survival in offsetting the costs of
presumed higher mortality during the migration journey*™ is still
unclear. Understanding vital rates across the annual cycle is critical
for designing conservation strategies to reverse the steep population
declines observed in many migratory bird populations®°.
Distributions of migratory bird species are often broad and shift
seasonally'!, exposing populations to a complex array of threats and
selective pressures'”. To understand their combined effect on popu-
lation sizes, we need comprehensive information on demographic
rates (for example, mortality and recruitment)'®”’; however, this
information is challenging to obtain at relevant spatial and tem-
poral scales. Population monitoring programmes”'* and tracking
studies on larger-bodied birds® have provided estimates of baseline
vital rates for a few bird species at various points in their annual
cycles. Yet, these studies are highly local, labour intensive, and yield
widely varying estimates of survival and reproductive rates within
and across species and sites'”. Therefore, generalization of current
results to broader geographic areas and larger species assemblages
can be problematic'®". Recruitment data are equally challenging to

E ; easonal animal migrations are events of extraordinary spa-

collect, especially recruitment into the migratory population after
birds have dispersed out of researchers’ breeding-ground study
areas. Nevertheless, consensus is emerging that mortality rates dur-
ing migration are higher than in any other period of the annual
cycle’™, with the most direct evidence from larger-bodied species®'®
and larger uncertainty remaining for small songbirds™'’. Because
longer-distance migrants presumably have greater exposure to
risks and challenges of migration, we expect a lower proportion of
their population to return from their overwintering grounds than
shorter-distance migrants, unless high survival rates at their distant
overwintering grounds offset mortality during migration.

We tested these expectations regarding seasonal changes in bio-
mass for migratory birds in North America using an existing network
of weather surveillance radars' distributed across the contiguous
United States. Data from this radar network provide a unique and
unprecedented opportunity for quantifying continent-wide patterns
of animal movements and abundances'. Because radar networks
operate continuously, have continental-scale coverage, and provide
velocity and biomass density measurements in a highly standard-
ized manner, they can provide quantitative large-scale estimates of
biomass transport in the atmosphere (see Methods). However, until
recently, obtaining and analysing radar data has been prohibitively
time consuming'’, precluding continent-wide analyses.

Recently, the National Oceanic and Atmospheric Administration
and Amazon Web Services (AWS) Cloud made available one of the
largest datasets describing animal movement ever compiled”: the
Next Generation Weather Radar (NEXRAD) archive. The NEXRAD
network contains 143 WSR-88D weather radars in the contiguous
United States (Figs. 1 and 2)%, which since 2013 have collected dual-
polarization data. Here, we used established methods to extract ver-
tical profiles®' of the density, speed and direction (Supplementary
Fig. 1) of nocturnally migrating birds from 2013-2017 for all 143
radars in the network. By combining data across all radars, we
provide estimates of total migratory biomass transport across the
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Fig. 1| Cumulative nocturnal migration traffic in spring and autumn.

a,b, Migration traffic (logarithmic colour scale) in spring (1 March to 1
July; @) and autumn (1 August to 1 December; b) averaged over five years
(2013-2017). Orange arrows indicate the seasonally averaged directions
of migration. ¢, Difference in migration traffic between spring and autumn.
Orange and green colours indicate higher autumn and spring biomass
passage, respectively. Migration passage was higher in autumn in most
areas due to the new cohort of juveniles after reproduction. In spring,
biomass passage peaked in the central United States, while in autumn
migration was more easterly, with high traffic above the Appalachian
Mountains and eastern Gulf of Mexico. Higher spring passages in California
and Texas indicate looped migratory pathways that are more westerly in
spring. See Supplementary Videos 1-4 for animated versions.

continental United States, and by comparing total biomass flows
during spring and august migrations, we gain insights into assembly-
wide demographic processes affecting the entire North American
migratory avifauna.

Results

We found considerable spatial and seasonal variation in migration
pathways across the contiguous United States (Fig. 1), reflecting
both shifts in migration routes and demographic changes in total
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bird biomass detected across radar stations. In spring (1 March to
30 June), migration was concentrated throughout the central United
States (Fig. la and Supplementary Videos 1 and 3). In autumn
(1 August to 30 November), the average migration pathway shifted
eastward (Fig. 1b,c and Supplementary Videos 2 and 4) and divided
at the Gulf Coast, with an eastern pathway crossing the Gulf of
Mexico and a western pathway circumventing the Gulf through
Mexico (Fig. 1b). The eastward shift in migratory passage from
spring to autumn is consistent with looped migrations'"* driven by
seasonal patterns in wind and food availability.

To measure the total migratory passage into and out of the con-
tiguous United States while controlling for the effect of seasonally
shifting pathways, we delineated two coast-to-coast transects across
the northern and southern United States borders (Figs. 2-4). These
transects acted as continent-wide gateways for quantifying migra-
tory passage (biomass abundances and timing) that, owing to the
cross-continental extent, are insensitive to seasonal variation in the
longitudinal location of migration pathways.

Our quantification of migration passages reveals a continental
exchange of several billion birds across the two transects (Fig. 2 and
Supplementary Table 1). Across the northern transect, the biomass
equivalent of 3.97 +0.17billion (mean=+s.d. over years) passerine-
sized birds migrated southward in autumn and an equivalent of
2.56+0.11billion birds returned northward in spring. Across the
southern transect, 4.72 +0.19 billion passerine-sized birds migrated
southward in autumn and 3.55+0.07 billion birds returned north-
ward in spring. Our radar-based estimates are of the same order
of magnitude as several indirect estimates for continental-scale
exchanges based on estimated population sizes of breeding birds.
Using Partners in Flight (PIF) population size estimates, and breed-
ing and overwintering ranges of migratory landbirds™*, we esti-
mate that 2.5billion (south transect) to 2.7 billion (north transect)
landbirds migrate into and out of the contiguous United States
in spring (see Methods). On the same order of magnitude, in the
Palaearctic-African migration system, 2.1billion landbirds were
estimated to migrate from Europe into Africa in autumn'.

We calculated return ratios of spring to autumn passage, ¢,.,
across each transect—proportions that indicate the net loss of bio-
mass due to mortality in the non-breeding period, lasting from the
autumn transect passage to the subsequent spring passage. Across
the northern transect, the return proportion was ¢,,=0.64+0.06
(mean + s.d. over 5years; Fig. 2b and Supplementary Table 2). Across
the southern transect, the return proportion was ¢,,=0.76 +0.03,
which is significantly higher than that for the northern transect
(Wald y*(1)=16.4, n=4, d.f.=1, two-tailed P<0.001). This differ-
ence in return proportions (that is, between ¢,, and ¢,,) remained
significant after converting to temporal rates (that is ¢j, and @ /s
see Methods; y%(1)=9.2, n=4, d.f.=1, P=0.002) to account for dif-
ferences in the time birds spent south of each transect (228 +2 days
in the northern transect and 207 +2 days in the southern transect;
Fig. 3, Supplementary Fig. 2 and Supplementary Tables 1 and 2).

In a similar manner, we calculated the ratio of autumn biomass
passage to the previous spring passage as an index of recruitment
into the migratory population, accounting for both reproductive
output and subsequent mortality during the post-breeding and
early august migration periods. For the southern transect, this esti-
mate (¢,,,=1.36+0.04) shows that for each northward migrating
adult only an additional 0.36 recruits are added to the southward
migrating population. A larger (Wald y*=46.0, n=4, d.f.=1, two-
tailed P<0.001) additional biomass returned across the northern
transect (¢,,=1.60 +0.09), representing an additional 0.60 recruits
added to the southward migrating population for every adult bird
heading north the previous spring.

To account for birds that might bypass the southern transect
in autumn due to a more easterly transatlantic migration route,
we also quantified the passage of birds that may be departing off
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Fig. 2 | Southern and northern transects for quantifying seasonal biomass passage, migration traffic across these transects, and associated
demographic indices. a, Seasonal cumulative migration traffic across the transects in spring (green bars) and autumn (red bars). Thick black lines indicate
the southern and northern transect for quantifying seasonal biomass passage. Plus signs indicate the location of radar stations. b, ¢, is the ratio of
autumn transect passage over the preceding spring passage, representing a demographic index of recruitment into the migratory period. ¢, , is the return
of spring passage over the preceding autumn passage, an index of mortality occurring south of the transect. Error bars indicate the interannual variation

across the study years expressed as s.d.

the Atlantic coast, using an additional transect running from the
easternmost tip of the northern transect to the easternmost tip of
the southern transect (Maine to North Carolina). We found that, in
autumn, a biomass equivalent of 219 + 63 million birds crossed this
coastal transect towards the southeast. In spring, the net passage
across this coastal transect was also eastward, equalling 63 + 12 mil-
lion birds. In the unlikely scenario that all birds crossing this coastal
transect bypass the southern transect only in autumn but not in
spring (in a looped migration), this would lead to an overestimation
of the southern transect return rate ¢, by 4%. Accounting for this
potential bias did not change the significance of the difference in
return rate between the northern and southern transect. However,
we note that even though looped migration is common in eastern
North America, most birds that migrate in a looped trajectory do
not perform transatlantic migration in autumn'’, and the number
of species—especially passerine species—bypassing the southern
transect in autumn is probably very small.

Birds crossing the northern and southern transects differ in
species composition and the total distance required to complete
their migration journey (see Fig. 3), which we estimated using
independent distribution maps and breeding population estimates
(see Methods and Supplementary Information). Passage across the
northern transect was dominated by shorter-distance migrants
with an assembly-averaged overwintering area located around
400km south of the transect (still well within the contiguous United
States). In contrast, the assemblage crossing the southern transect
was dominated by longer-distance migrants whose overwintering
area was located around 1,400km south of the transect, on aver-
age. Body size distributions of landbird species passing the transects
were similar for the two assemblages (17 +13 g for the north tran-
sect and 17 + 14 g for the south transect; weighted ¢-test by species
population size: t=0.288, d.f. =311, P=0.8; see Supplementary
Information). Based on the same distribution maps and breeding
population size data, we estimate that at least 19%, and at most 40%,
of all migrants crossed both transects. The assemblages represented
at the two transects are thus partly overlapping.

Discussion

Our finding that the return rate of biomass from autumn to spring
was higher across the southern transect than at the northern tran-
sect has a surprising implication: cumulative mortality experienced
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during migration and the overwintering periods was significantly
lower for birds migrating towards the Neotropics than for birds
overwintering in the temperate United States, despite a greater aver-
age migration distance remaining for birds crossing the southern
transect. Therefore, longer migration distances did not result in
higher relative biomass loss and lower spring return rates, suggesting
that high overwintering survival in the tropics might be compensat-
ing for the increased mortality presumably associated with longer
migration. Alternatively, a higher return rate across the southern
transect could result from latitudinal variation in migration mortal-
ity if mortality during migration at (sub)tropical latitudes is sub-
stantially lower than at temperate latitudes. Although mortality
has not been quantified at different points in the migration route,
the ‘latitudinal variation in migration mortality’ explanation seems
unlikely as southern latitudes include major ecological barriers to
migration; for example, Mexican arid zones and the Gulf of Mexico,
which are thought to be dangerous to cross™; however, note the spe-
cific challenges in highly industrialized landscapes described below.

In stable populations, opposite patterns of recruitment would be
necessary to compensate for differences in mortality rates of tem-
perate- and southern-wintering birds. We found that at the northern
transect the number of recruits added to the migratory population
was significantly higher (0.60) than at the southern transect (0.36).
This contrast between northern and southern transects is consis-
tent with latitudinal increases in clutch size’” and a higher fecun-
dity of shorter-distance migrants compared with long-distance
migrants®>”’. Because average migration distance (and associated
mortality during migration) north of the two transects was simi-
lar (1,396 versus 1,510km), our return rates probably indicate that
latitudinal increases in clutch size and fecundity resulted in higher
numbers of fledglings produced, thus increasing recruitment into
the migratory population at more northern latitudes.

Our radar-derived demographic indices are inherently seasonal,
spanning clearly defined portions of the annual cycle. Very few
studies have so far quantified seasonal demographic rates away from
breeding grounds®, and estimates are available for only a handful
of migratory species’’. Published estimates come from long-term
studies of simultaneously monitored populations on breeding and
wintering areas for highly site-faithful species’™, as well as satellite
tracking studies on larger-bodied birds®. The latest full annual cycle
population models for small passerines suggest very high adult
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Fig. 3 | Annual cycle of avian biomass flow across the north and south
transect. Segment widths represents the amounts of biomass of the avian
assemblages associated with the two transects. Distance markers on the
right indicate the average distance from the breeding (B) and wintering
(W) area for the assemblage of birds crossing each transect, respectively.
Monthly labels indicate the progression of time (time is not proportional
to the length of the segments). (+), (-) indicate biomass growth, loss,
respectively.

survival during stationary periods on the wintering grounds in the
Neotropics”. Our observation of a relatively high spring return ¢,
at the southern transect provides continent-wide evidence of higher
survival among the full assemblage of Neotropical migratory birds
south of the United States, which potentially offsets higher expected
mortality rates during migration®”*'* compared with the combined
non-breeding and migration survival of shorter-distance temper-
ate-wintering migrants.

Relative to the number of fledglings produced by most migra-
tory landbirds (around 1-2 per capita’***’), our recruitment indices
indicate that per northward migrating adult in spring, relatively few
recruits are added to the migratory population in autumn (0.36 at
the southern transect and 0.6 at the northern transect). These num-
bers suggest a major loss of biomass through mortality even before
the transects are reached, which is also consistent with high mortal-
ity rates during the immediate post-fledging period, as observed in
numerous species-specific studies'>*~*? and during migration.

We suggest that differences in mortality and recruitment rates
observed between the two transects are primarily related to general
differences in life-history strategies among their associated species
assemblages, including a broad range of adaptations to climate, veg-
etation types and food resources that vary according to the latitude
of breeding and non-breeding distributions. From a life-history per-
spective, our results suggest that, on average, birds overwintering
south of the United States showed a ‘higher survivorship’ strategy,
while migrants overwintering in the temperate zone tended towards
a ‘higher recruitment’ strategy. Life-history strategies relying on
high survivorship are more sensitive to perturbations in adult sur-
vival rates in non-breeding areas”. Thus, even though birds over-
wintering south of the United States had an overall higher return
rate than temperate-wintering birds, their populations may be more
sensitive to perturbations in adult non-breeding survival, emphasiz-
ing the need to monitor survival rates of birds outside the breeding
areas, especially within the Neotropics.
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Fig. 4 | Angular definitions of transect direction and bird ground speed
direction. The transect is displayed as a dashed line. The direction of the
transect is given by the angle a defined relative to the blue arrow perpendicular
to the transect, whose value is limited to the —90° to +90° range. The black
arrow gives the ground speed vector of migration, with the direction 6.

As unprecedented anthropogenic changes in land use and cli-
mate strongly impact ecosystems and organisms worldwide®,
migratory birds in particular are suffering widespread population
declines'®". Large-scale demographic patterns in mortality and
recruitment may no longer reflect environmental conditions under
which life-history strategies of migrants evolved. In highly indus-
trialized countries such as the United States, migrants face new
sources of direct mortality from anthropogenic causes; for exam-
ple, collisions with structures (sometimes mediated by the effects
of artificial light*>**) or predation by cats”, potentially decreasing
survival in temperate (more urbanized) latitudes. Indirect effects
of climate change and human-induced habitat degradation affect
migrants throughout the annual cycle, with habitat loss accelerating
especially at tropical latitudes®. Understanding and mitigating the
effects of global change and human activity on demographic rates
will be crucial for conservation. Our study illustrates how meteoro-
logical radar infrastructure can provide a baseline of seasonal abun-
dances and return rates for the entire migratory bird assemblage of
North America, which can be monitored for years and decades to
come as conditions along flyways continue to change.

In summary, by taking advantage of an existing meteorologi-
cal radar infrastructure, our study provides baseline information
on seasonal passages of bird biomass across the contiguous United
States. We used these data to calculate continental-scale demo-
graphic indices that indicate average differences in mortality and
recruitment rates between assemblages of migratory birds overwin-
tering predominantly within the United States and birds spending
the non-breeding season predominantly in the Neotropics. These
indices offer a benchmark for putting species-specific studies into
a more general context, and an unprecedented opportunity to track
and assess shared drivers of population change for billions of migra-
tory birds simultaneously. Our findings indicate a ‘higher survi-
vorship’ strategy used by longer-distance migrants spending the
northern winter south of the United States, with an emphasis on
high adult survival within Neotropical non-breeding grounds. For
birds that rely on high survival to offset the risks of long-distance
migration, even small reductions in habitat quality can potentially
drive population declines, as observed in many Neotropical migra-
tory species. Understanding how global change is likely to affect
non-breeding habitats, where these migrants spend the majority of
the annual cycle®, will be critical for preserving this hemispheric
migration system.

Methods

Extraction of vertical profiles of birds. We extracted vertical profiles of bird
speeds, directions and densities (see Supplementary Fig. 1a) using the algorithm
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vol2bird (version 0.3.15)*, which is available on GitHub (https://github.com/
adokter/vol2bird). We briefly describe the main processing steps and study-
specific settings.

Vertical altitude bins were defined relative to sea level in 200 m height intervals
up to 4km altitude. We removed meteorological signals based on high correlation
coefficient values (>0.95) provided in the dual-polarization radar data (which
indicate the temporal autocorrelation of the vertically and horizontally polarized
components of the detected signal by the radar)—a highly reliable polarimetric
indicator of precipitation’”*’. Polarimetric data are only available since 2013
upgrades to US radars, which is why we restricted our analyses of NEXRAD
S-band data to the 4.5years of available dual-polarization data.

A cell-searching algorithm detected contiguous cells of high correlation
coefficients, defining cells as groupings of sample volumes within an elevation
scan for which each sample volume has a correlation coefficient greater than 0.95,
and at least 5 directly neighbouring sample volumes (in a Moore neighborhood
sense) that also meet this requirement. We removed only data from contiguous
precipitation cells of 0.5km? or larger, to retain the occasional speckle of high
correlation coefficient sample volumes found in bird migration areas. We added
an additional buffer of 5km width around the selected precipitation cells to
effectively remove the borders of precipitation areas, which tend to have less
well-defined correlation coefficient values, thus limiting the risk of precipitation
contaminations”.

We produced static beam blockage maps for all weather radar sites following
Krajewski et al.”’. We excluded all sectors from the analysis for areas with
(partial) beam blockage based on surrounding topography, as obtained from a
100-m-resolution topographical map provided by the US Geological Survey*, and
assuming a 1° beam width. We assumed a standard refraction of the beam towards
the Earth’s surface by using an effective Earth’s radius of 4/3 X (true radius)*”. From
this topographical map, we also extracted the minimum, mean and maximum
ground level within a 25 km radius of each radar (Supplementary Table 5). For
radars with a minimum ground level below the antenna height, we extrapolated
migration estimates for the lowest bin (at antenna level) down to 400 m below
the antenna level. At even lower altitudes, the radar was considered blind, which
mainly applied to some radars in the central Rocky Mountains, away from the
transects used for counting bird passages (see Supplementary Table 5).

An additional dynamic clutter map was used to exclude sample volumes
with a Doppler velocity in the interval of —1 to 1 ms™, to filter out ground
echoes associated with anomalous beam propagation* and other clutter from
other remaining static ground targets. We used sample volumes in the 5-35km
range only, which excludes the closest sample volumes with a high probability
of ground clutter contamination and maintains a narrow beam width that can
resolve the altitudinal distribution of birds. The processing steps described below
were conducted only on the sample volumes that remained after exclusion of
precipitation and ground clutter.

We de-aliased radial velocities using a torus mapping method*, which is
also used in the product generation framework of the European Operational
Programme for the Exchange of Weather Radar Information (OPERA) network,
as well by meteorologists in the Baltrad weather radar network for the Baltic sea
region®. This method de-aliases velocities using a fit to a linear velocity model
that is wrapped at the Nyquist velocity of each scan, very similar to a de-aliasing
technique'® applied earlier in bird migration studies using North American
NEXRAD radars. We applied separate de-aliasing of each altitude layer of interest,
which may contain sample volumes of different elevation scans. In the de-aliasing
fit, we took into account each of the (potentially different) Nyquist velocities of the
elevation scans.

We extracted speed and direction estimates from the de-aliased velocity
fields using the volume velocity profiling (VVP) technique*"*”**. Weather radar
reflectivity factor values (dBZ) were converted to reflectivity (cm*km=?), and for
each altitude layer the geometric mean reflectivity 7 over all sample volumes in the
altitude layer was calculated. Reflectivity can be expressed as bird numbers using
an estimate of the average radar cross-section (RCS) of an individual migrating
bird. Here, we used a yearly mean RCS of 11 cm? for an individual bird, determined
in a calibration experiment spanning a full spring and autumn migration season’'.
This value corresponds to passerine-sized birds (10-100 g range)*, which
represents the highest-abundance species group dominating our radar signals
(Supplementary Fig. 5; Supplementary Table 3 and Methods).

The vol2bird algorithm finally removes altitude layers with radial velocity
standard deviations oy, <2 ms™, with oyy, a measure of radial velocity texture,
defined as the root of sum of the residual squared errors between the radial
velocity data and the VVP velocity model. This radial velocity texture represents
an additional filter for cases of precipitation, and wind-drifting insects that cause
smooth velocity fields that represent the wind. Birds, however, have active and
highly variable self-speeds”', causing high spatial variability in radial velocities.

We accessed NEXRAD weather radar data from the public ‘noaa-nexrad-level2’
Amazon S3 bucket”. We containerized a pipeline for downloading and processing
these data using Docker™, and deployed this in the AWS Cloud using the AWS
Batch service (https://aws.amazon.com/documentation/batch/). Cloud computing
reduced this computation task of 14,000 central processing unit (CPU) hours to
less than a day.
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Migration traffic from vertical profile time series. The vertical profiles of single
radars make up time series, which we used to calculate the cumulative seasonal
passage of migratory birds for each individual radar. Our analysis focuses on
nocturnal migration, which is by far the most common migratory strategy because
it is highly time and energy efficient'. We first calculated the migration traffic rate
(MTR) for each nocturnal profile in the time series (see Supplementary Fig. 1b),
which is a flux measure defined as the number of targets crossing a 1 km transect
per hour (in individualskm="h""; see Fig. 4 for definitions of the angles in relation
to ground speed and transect direction). For a transect always kept perpendicular
(1) to the migratory ground speed direction, MTR is always a positive quantity,
defined as:

MTR, =3, P, VitDh, where t is an index of time, p,  is the bird density at
altitude layer i (in km™), v, , is the bird ground speed at altltude layer i (in kmh™")
and Ah is the width of the altltude layers (0.2km). MTRs can also be calculated for
transects with a fixed direction, a (see Fig. 4), in which case the number of crossing
targets per hour per km of transect is calculated as:

MTR,, =, p, v;,cos[8; —alAh, where §,  is the migratory direction at
altitude bin i and time index #. Note that this equatlon evaluates to the previous
equation when a=9, , as required. In this definition, MTR, defines the flux
of birds in a direction of interest. Targets moving northward over the transect
contribute positively to MTR,, while targets moving in southward directions
contribute negatively to MTR,. Therefore, MTR, can be either positive or negative,
depending on the direction of migration €. As an additional quality control, we
only included p, , when 0 was in the southward semicircle surrounding a radar
station in autumn and when & was in the northward semicircle in spring. As we
define directional angles clockwise from north, MTRs in spring were positive and
MTRs in autumn were negative.

The MTR values of individual profiles were further aggregated into values of
cumulative night-time migration traffic (in individualskm™):

T,
MT, (T, [ MTR At

MT, (T, Tong) = 2 °“}i MTR, At, where At is the time difference between
consecutive profiles in hourd: rProﬁles were calculated at half-hour intervals for
each radar during night time only, selecting the profiles closest to 0 and 30 min
for each hour. A 30 min time interval was found to be optimal for balancing
computational efficiency and accuracy of the results. A test run on a subset of
18 radars for 3 years at the full available temporal resolution (around 5-10 min)
showed that down-sampling to 30 min produced estimates of migratory passage
migration traffic that were within 1% of the original.

In calculations of seasonal migration traffic, the spring season was taken to
be from 1 March to 31 June; that is, T,,,,, equalled the index of the first profile of
March and T, the index of the last profile in June. The autumn season was taken
to be 1 August to 31 November; that is, T,,,,, equalled the index of the first profile of
August and T, the index of the last profile in November. Figure 1 shows plots of
the spatial interpolation of MT, calculated for the autumn and spring seasons (see
next paragraph for interpolation methods).

start> end)

Seasonal transect passage. We chose the northern and southern transects to
minimize orographic obstructions. A few radars in the central Rocky Mountains
are located on higher mountains, which makes these areas less suitable for
coast-to-coast transects, as some migrations may pass below the field of view of
the radar. We selected the radar stations to use for the northern and southern
transects because their radars were relatively free from such topographic effects
(see Supplementary Table 5), and their transect segments were chosen to roughly
follow the northern and southern border of the United States. Each transect
consists of multiple line segments, each with a line segment direction ; of constant
course. The north transect largely follows 46° N latitude, defined by straight line
segments in Mercator projection between locations 46°N/124° W, 46°N/85° W,
44°N/83°W, 44°N/75° W and 46°N/67.78° W. The south transect largely follows
30°N latitude through locations 34°N/120° W, 30°N/103° W, 30°N/84° W and
34°N/78°W. An additional coastal transect was defined from the easternmost
tip of the northern transect to the easternmost tip of the southern transect; that
is, from 46°N/67.78° W to 34°N/78°W. To calculate migratory passage over a
line segment, we first calculated seasonal migration traffic MT,_for all radars.
Spatial interpolations of seasonal migration traffic were genera{ed using ordinary
kriging in the R package gstat™. We clipped water areas after interpolating, leaving
land areas of the contiguous United States. A small section of the transect in the
north-east runs over Canadian territory and the Great Lakes, and we extended
interpolations of migratory movements into this area when calculating transect
passages. Finally, we integrated the migration traffic values (in individualskm")
over the length of the line segment, giving the total migratory passage of
individuals for that line segment. These calculations were repeated for all line
segments of a transect, and the total transect passage was calculated as the sum of
the migratory passage over all segments.

For each radar, we calculated the mean passage date of birds into the direction
aas:

Tyend EMTRg AL

ty (Tstart’ Tend) = Tend MTR,, At
ot a
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Supplementary Fig. 2 shows the spatial variation in mean transect passage
date in spring and autumn ¢, (keeping a parallel to the migratory direction 0 as in
MT),). Values of t, were spatially integrated and summed over the line segments
of transects as for MT, into seasonal mean transect passage dates t,,, and
summarized in Supplementary Table 1.

We calculated the transect parameter ¢,, as the spring passage over the
preceding autumn passage, and ¢, as the autumn passage over the preceding
spring passage. These ratios do not depend on the assumed RCS factor converting
reflectivity to bird numbers, as they are a biomass ratio for which RCS cancels in
division. The parameters (/78 . and (}d . are the same ratios expressed as return rates
per month, which take into account the average time passed between the autumn
and spring passages, as in:

1 365
~ g (tpass,s—tpassa) 12
qos/a - ¢5/3
1 365
thass,a—fi 12 . N
3 = 6(/15’3“"“ passs) 12 yyith the mean spring and autumn transect passage
a, . . .
dates asss A £,,.,) expressed in days since 1 January of the respective season

(Supplementary Table 2).

The Supplementary Information discusses in detail the potential effects
on return rates introduced by seasonal differences in flight altitude and insect
migration in the nocturnal boundary layer’****. We find that each effect minimally
changes the estimated seasonal biomass passages, biasing the return rates
downward, at most by 4%.

Species composition. To assess which species groups predominantly contribute to
our radar signals, we obtained breeding bird population estimates for the United
States and Canada from the PIF Population Estimates Database for landbirds*,
supplemented with population size estimates for waterbirds and waders from the
PIF Conservation Assessment Database” (with recent updates to population sizes
provided by K.V.R.). We assessed for each species whether it was likely to migrate
at night in the United States, following the migration status provided by PIF where
available and complemented by an assessment by the authors (A.F. and K.V.R.)
(see Supplementary Table 3). We gathered the average body mass per species from
ref. ** and took mass raised to the power (2/3) as a proportional measure of RCS.
We estimated that 78% of the cross-sectional area of all nocturnally migrating
birds in the United States combined are songbirds, and 22% are waterbirds and
shorebirds. Supplementary Fig. 5 shows the cumulative distribution function of the
cross-section values based on the PIF population estimates. It shows that 80% of
the cross-sectional area is represented by birds with a body mass of less than 125g,
and 90% by birds smaller than 1kg. These figures support our interpretation that
the majority of the radar signals are caused by small songbirds, which is why our
discussion of mortality and survival indices focuses on the songbird literature.

It is likely that the proportion of songbirds in our radar signals will be larger
than the above estimates, because many waterbirds have (partly) overseas routes,
and because these species also migrate during the day (especially geese and ducks),
with radar signals from daylight hours not considered in our analyses. Very little
migration was detected from November onwards (see Supplementary Video 2),
which is when considerable waterfowl migration is expected, suggesting that
waterfowl contributed relatively weakly to our estimates of migration passage.

To determine species composition of the assembly crossing each transect, and
to compare our radar estimates of biomass passage with independent population
estimates of migrating landbirds, we used information in the PIF Population
Estimates Database to determine landbird species (from Supplementary Table 3)
with part or all of their populations migrating out of the contiguous United
States in spring or autumn (that is, crossing the northern or southern transect,
respectively). Because the PIF population estimates are for breeding adults only,
our comparison is focused on spring migration passage, when the number of
migrating individuals will be closest to the breeding population size. We used
the percentage of the population that breeds in Canada and Alaska, or for short-
distance migrants the percentage of the population wintering in the contiguous
United States. To estimate the number of birds returning across the southern
transect in spring, we used the percentage of the breeding population that
winters on the Florida Peninsula or south of the United States in Latin America
or the Caribbean.

We found that the total estimated spring passage of landbirds using this
method (Supplementary Table 4) was similar to the biomass equivalent of
passerine-sized birds estimated from the weather radar (2.68 versus 2.56 billion
at the northern transect, and 2.46 versus 3.55 billion at the southern transect),
suggesting that our quantification is biologically meaningful.

Migration distance. To estimate geographic characteristics of North American
migratory bird distributions within the Western Hemisphere, we used range maps
of species’ breeding and winter distributions from NatureServe™. Following La
Sorte”, we converted range-map polygons to collections of equal-area hexagons
of a global icosahedron™ having a cell size of 12,452 km?. We estimated the total
migration distance between each species’ breeding and winter ranges using the
great circle (orthodromic) distance between the geographic centroids of the
breeding and winter ranges, which were estimated by averaging the geographic
locations of the hexagon cell-centres occurring within each species’ breeding and
winter ranges. We calculated the intersection of the great circle between breeding
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and wintering centroids with the transect and took the resulting segments as

the distances travelled north (d,,,) and south (d,,,) of the transect. If breeding
and non-breeding centroids were both positioned south of the transect, we took
the distance travelled north of the transect to be zero, and the distance travelled
south of the transect to be the full distance between the centroids. To determine
assembly-averaged migration distances north and south of each transect (see Fig. 3),
we calculated averages of species-specific line segment distances, weighed

by the earlier-determined species population size crossing each transect, and

by the average species mass™ raised to the power (2/3) to account for RCS

effects, resulting in d, ., = 1,396 km and d,, =392 for the north transect and
d,on=1,512km and d_,, = 1,350 km for the south transect. The result of a much
longer d,, for the south transect is highly robust and remains when weighing
only by population size (north transect: d, ., = 2,436, d,,, = 539; south transect:
dorn = 1,639, d,o, = 1,726), or when simply averaging over species without
weighing (north transect: d, ..y, =2,552, d,,, = 368; south transect: d, ., = 1,365,
d,u,=1,370). Furthermore, any small waterbird contribution to the biomass signal
will reinforce the pattern further, as the majority of waterfowl winter at temperate
latitudes within the United States, and most shorebirds crossing the southern
transect tend to winter quite far south at tropical latitudes. We therefore expect
the distances to be fairly robust against uncertainties in species composition,
population size estimates and RCSs.

Statistics. Differences in seasonal transect passages were tested with linear mixed
models using the R package Ime4”, with transect (north and south) as a fixed effect
and year as a random effect. Two-sided Pvalues for the fixed effect were calculated
with a Wald chi-squared test, using the Anova function from the R package car®.
Throughout the paper, values are reported as means +s.d. over years.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
NEXRAD weather radar data were accessed from the public ‘noaanexrad-level2’
Amazon S3 bucket” (https://aws.amazon.com/public-datasets/nexrad/).
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