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ABSTRACT

Every year, millions of raptors migrate between their breeding areas in North America and their nonbreeding areas in Central and South America.
Many investigations have demonstrated that weather plays a significant, yet complex role in the timing of bird migration at northern localities that,
in turn, shapes their seasonal migration phenology. However, very little information is available for the Neotropical region. Here, we analyzed the
relationship between local weather variables (wind-related components, humidity, and atmospheric pressure) and the intra- and interannual
migration patterns of 8 raptor species with different migration ecologies. Our dataset spans between 23-26 years and was obtained at a raptor
migration monitoring site at Mexico's Gulf coastal plain, a well-known, globally important migration hotspot. Perhaps due to the often erratic and
pulsed daily variation in migration phenology each year, classical analytical approaches do not consider quantifications of intra-annual variation. To
address this, we devised a new method based on a finite approximation to the second derivative of the counts (roughness) to analyze the role of
weather drivers in the patterns of daily counts. Additionally, we analyzed the interannual variation in migration timing, subtracting the mean number
of individuals across all years for each day (deviations from the mean). Although we found significant differences in roughness across days, we
observed a subtle association between weather and roughness in migration counts, regardless of the species’ flight strategy (such as thermal
soaring and flapping). Only tailwind affected the intra-annual migration, although the models had a low explanatory power (marginal R? < 0.17).
Similarly, we found interannual effects of tailwind and sidewind, depending on the type of migrant (long- and short-distance), but the models
exhibited high variation and low explanatory power (marginal R? < 0.18). Moreover, the lagged effect of weather variables does not improve the
variance explained by weather variables at any of the two timescales evaluated. The low association between migrant counts and weather calls
for future research at larger spatial and temporal scales, as well as on assessing the cumulative effect of weather along raptor migration routes.
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LAY SUMMARY

. The key role of local weather variables on the passage of raptors tracked at migration monitoring sites has been documented in many northern
localities, but their effect on migration timing within and across seasons in the Neotropics is unknown.

. We devised a novel method that captures the day-to-day variation (i.e., roughness) in migration counts within years to assess how the passage
of 8 species of raptors varies in response to local weather at a well-known migration hotspot along Mexico's Gulf coast.

. Additionally, we explored the effect of weather variables on yearto-year variation in migration counts.

. We found a subtle association between weather factors and migration counts at the two timescales evaluated, regardless of raptor flight strategy
and migration distance.

. Our research suggests that the impact of weather on raptor migration counts in the Neotropics may need to be assessed at larger spatial or
temporal scales, and accounting for cumulative effects along migration routes.
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¢{Qué tanto explican las condiciones locales del estado del tiempo la variacion intra- e inter-anual
en los conteos de rapaces migratorias en un sitio de importancia global en el Neotrépico?
Un nuevo enfoque analitico

RESUMEN

Cada ano, millones de rapaces migran entre sus dreas reproductivas en Norteamérica y sus areas no reproductivas en Centro y Sudamérica.
Muchas investigaciones han demostrado que el estado del tiempo juega un papel importante, aunque complejo, en la temporalidad de la migracion
en localidades nortenas y a su vez moldea la fenologia estacional de su migracion. Aqui, analizamos la relacién entre variables locales del tiempo
(componentes del viento, humedad y presién atmosférica) y los patrones migratorios intra- e interanuales de ocho especies de rapaces con
diferente ecologia de la migracién. Los datos abarcan entre 23-26 afios y fueron obtenidos en dos sitios de monitoreo de rapaces localizados en
un conocido hotspot migratorio de importancia global en la planicie costera del Golfo de México. A pesar de que la variacién de la migracion
intra-anual a menudo es errética y pulsada, los enfoques analiticos clasicos no toman en cuenta la cuantificacién de esta variacion. Para abordar
esto, desarrollamos un nuevo método basado en una aproximacion finita de las segundas derivadas de los conteos (denominado en inglés
“roughness”) para analizar el rol de las variables del estado del tiempo en el patrén de los conteos diarios. Adicionalmente, analizamos la variacion
interanual en la temporalidad de la migracién, sustrayendo el nimero promedio de individuos contabilizados a través de todos los anos para cada
dia (desviaciones de la media). A pesar de encontrar diferencias en el roughness entre los dias, observamos una escasa asociacion entre esta
variable y aquellas del estado del tiempo, independientemente de la estrategia de vuelo de las especies (p. €j. aves planeadoras y de vuelo activo).
De manera general, solo los vientos de cola afectaron la migracion a escala intra-anual, sin embargo, su poder explicativo fue bajo (R? parciales <
0.17). De manera similar, encontramos un efecto inter-anual de los vientos de cola y vientos laterales de acuerdo al tipo de migrante (corta y larga
distancia), aunque el poder explicativo de éstas fue bajo (R? parciales < 0.18). Ademas, los modelos con el efecto retrasado de las variables del
estado del tiempo no mejoraron el poder explicativo en ninguna de las dos escalas evaluadas. La escasa asociacion entre los conteos migratorios
y las variables del estado del tiempo indican que se necesitan futuras investigaciones a mayores escalas de temporales y espaciales, asi como

analizar los efectos acumulativos de estos factores a lo largo de toda la ruta migratoria.

Palabras clave: costa del Golfo, Golfo de México, migracion de aves terrestres, migracion otofial, Neotropico, rapaces, variables ambientales

INTRODUCTION

Birds rely on a combination of endogenous factors and envi-
ronmental cues to make decisions en route during spring and
autumn migration. These decisions, such as staying at or
departing from a migratory stopover location, impact birds’
migration speed and timing, energy costs, migratory route, and
physiological condition, ultimately affecting their reproductive
success and survivorship (Mueller and Berger 1967, Kerlinger
et al. 1985, Kerlinger and Gauthreaux 1985, Alerstam and
Lindstrom 1990, Horton et al. 2019). Compared to spring
migration, where departure seems to be primarily driven by
endogenous schedules as birds experience pressure to arrive at
their breeding grounds and establish territories (Berthold 1996,
Tan et al. 2018), autumn migrants respond more to deteriorat-
ing weather conditions and food availability in their northern,
breeding range (Jenni and Schaub 2003, Bildstein 2006, Xu
and Si 2019). Autumn migration is also characterized by a
higher proportion of inexperienced hatch-year birds, making
it a particularly high-mortality journey, and therefore critical
to bird population trajectories (Murray 1964, Oppel et al.
2015). Despite its importance and relative complexity, autumn
migration has been less studied than spring migration from a
phenological point of view (Gallinat et al. 2015), and the fac-
tors that influence migration timing vary among species
(Ellwood et al. 2015).

Many raptor species are experiencing shifts in breeding and
nonbreeding season distributions, abundance, migration tim-
ing, and survival rates due to climate change (Paprocki et al.
2014, Therrien et al. 2017). This underscores the urgent need
to understand their migration patterns and the potential
effects of climate change. Selecting the migration timing and
route that maximizes exposure to favorable weather condi-
tions is crucial for raptors, as they rely on supporting tail-
winds and strong thermal updrafts to fly (Pennycuick 1969,
Rayner 1985, Acdcio et al. 2022). The timing and route are
also strongly affected by weather conditions (Alerstam 1979,

Able 1980, Tan et al. 2018), and raptors minimize the ener-
getic costs of migration using atmospheric updrafts from
thermal convection or orographic lift (Pennycuick 1969,
Verhelst et al. 2011). Therefore, their migratory routes are
most often pathways situated along geographical and topo-
graphical features that provide favorable atmospheric condi-
tions for these phenomena to occur (Verhelst et al. 2011,
Nourani et al. 2016) or that allow them to avoid barriers,
such as large water bodies (Kerlinger 1989). The importance
of such immediate environmental conditions in the migration
of raptors suggests that day-to-day variation in their migra-
tion can be modeled by local weather conditions, including
wind speed, wind direction, vertical air movement, and
humidity, among others.

In addition to environmental factors, individual-specific
traits like body size and migration distance also affect raptors’
migration timing and routes (Kerlinger et al. 1985, La Sorte
etal. 2015). Consequently, the specific conditions that are con-
sidered favorable vary among species, according to their ecol-
ogy, body condition, and morphology (Panuccio et al. 2016).
In general, flapping and soaring birds benefit from tailwinds,
which help them travel faster. However, flapping birds are less
affected by crosswinds due to their active flight, which mini-
mizes the risk of drifting off course (Vansteelant et al. 2014).
Soaring migrants often decrease their airspeed in tailwind con-
ditions as a mechanism to minimize flight height loss during
their gliding phase. This adjustment allows birds to cover
greater distances more quickly by reducing the time spent in
the thermal circling phase of flight (Becciu et al. 2018). How-
ever, birds can exhibit different behaviors between regions with
different wind conditions, depending on their fuel reserves,
whether they are migrating over land or water, and the need
to avoid further delay (Newton 2024).

To understand population status, as well as the timing and
drivers of migration for different raptor species, scientists and
volunteers make daily observations during autumn and spring,
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recording millions of birds yearly at migration monitoring sites
worldwide (Bildstein et al. 2008, Nourani and Yamaguchi
2017). At monitoring sites, the interplay of environmental and
species’ endogenous factors results in large variations in the
number of birds recorded daily (Hussell and Ruelas Inzunza
2008). Single-species counts of migrants are highly variable
from day to day, with high-count days followed by days of low
to no counts at all, which makes it challenging to parameterize
migratory phenology using classical metrics (e.g., “peak date”
that rely on an assumed Gaussian distribution), especially when
trying to predict temporal and spatial variation (Bildstein 2006,
Moussus et al. 2010).

A common approach to analyzing variation in migration
intensity is to use generalized linear models or linear mixed
models with counts as the dependent variable (e.g., Farmer
et al. 2007, Panuccio et al. 2016, Becciu et al. 2018). However,
this approach does not consider how abrupt these changes are
between one day and the next, and only describes certain phe-
nology features. Most prior studies have ignored day-to-day
variation altogether and instead focused on modeling the fac-
tors driving variation in summaries of migration phenology,
such as annual mean passage dates (Allen et al. 1996, Miles
et al. 2017, Thurber et al. 2020). But ultimately, it is the vari-
ation in, and drivers of, day-to-day migration phenology that
determine the timing of arrival to nonbreeding grounds.

Most studies that analyze bird intra- and inter-annual vari-
ation and their association with weather conditions have been
geographically and taxonomically limited (Denny et al. 2014),
with the majority of autumn studies conducted in Europe and
North America (Bednarz et al. 1990, Bildstein et al. 2008,
Ellwood et al. 2015). By contrast, studies in the Neotropics are
still scarce (Bussjaeger et al. 1967, Smith 1980, Thiollay 1980,
Porras-Pefiaranda et al. 2004, Olivo 2005, Ruelas Inzunza
et al. 2005, 2009, Phillips et al. 2023, Juhant 2025), so it is
crucial to ask if the mechanisms and factors that affect raptor
migrations in temperate regions are the same in the tropics, in
order to understand the entire annual cycle and migration driv-
ers of these species.

To date, there have not been clear links of environmental
factors to migration phenology in the tropics, and some results
at northern latitudes are contrasting. Some studies have estab-
lished a clear link between migration timing and environmental
factors (Allen et al. 1996, Vansteelant et al. 2014, Panuccio
et al. 2016, Dumandan et al. 2022), while others have found
the relationship to be weak (Bohrer et al. 2012) or nonexistent
(Thorup et al. 2006, Chevallier et al. 2010, Filippi-Codaccioni
etal. 2011). This highlights the importance of analyzing migra-
tion patterns using different methods and datasets from differ-
ent regions to elucidate the drivers that govern intra- and
inter-annual autumn migration.

In this study, we aim to analyze the influence of local weather
variables (humidity, a suite of wind-related variables, and
ground-level air pressure) on the intra- and inter-annual pat-
terns of autumn migration of 8 raptor species at a migration
monitoring site in Veracruz, Mexico. To understand the effects
of weather on intra-annual variation, we devised a new meth-
odological approach to account for abrupt oscillations in daily
migration counts and overcome the limitations of previous
methods. Our main questions are: (1) How do weather vari-
ables affect within- and among-season migration patterns? and
(2) Do species have different responses (in terms of daily and
annual variability) according to their flight strategies? At an
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inter-annual level, we expect more variable responses in fac-
ultative, short-distance migrants due to their plastic responses
to migration timing (e.g., Barton and Sandercock 2018) in
contrast with obligate, long-distance migrants who exhibit a
seemingly more consistent migration timing (Maynard et al.
2022). At the intra-annual level, we expect larger, soaring
migrants to be more sensitive to weather conditions due to
their dependence on thermal updrafts (Pennycuick 1969,
Aciécio et al. 2022), compared to smaller, flapping birds that
can alternate between soaring and flapping and can compen-
sate for wind drift (Kerlinger 1989, Nourani and Yamaguchi
2017, Sergio 2022).

METHODS
Study Sites

Central Veracruz, Mexico, lies at the intersection of two major
mountainous systems, the Sierra Madre Oriental and the Cen-
tral Volcanic Belt, which constrain the width of the Gulf Coastal
Plain at about 19°N. This reduction in the course of the Gulf
lowland coastal plain forms a geographic bottleneck that fun-
nels spring and autumn raptor migrations (Ruelas Inzunza et al.
2010). Here, raptor migration counts are systematically made
every year by Pronatura Veracruz (a non-profit conservation
organization) from 2 fixed locations placed 11km apart and
perpendicular to the migration front: Cardel (19.3666°N, 96.
3666°W), closer to the coast, and Chichicaxtle (19.35°N,
96.4666°W, Figure 1), a more inland site. Because raptor migra-
tion over the coastal plain is relatively unconstrained by geo-
graphic features and occurs over a broad front, we consider
these 2 sites independent samples of the same migration flow.

Migration Data

Veracruz is a well-known raptor migration bottleneck of global
importance, with around 5 million raptors of over 20 species
monitored annually during the autumn (Ruelas Inzunza et al.
2000, 2010). To have sufficient data for robust analyses, we
limited the migration count data to the 8 most frequent migrant
raptor species passing our 2 sites, including birds with different
ecologies (listed in phylogenetic order): Cathartes aura (Turkey
Vulture), Pandion haliaetus (Osprey), Buteo platypterus
(Broad-winged Hawk), B. swainsoni (Swainson’s Hawk), Astur
cooperii (Cooper’s Hawk), Accipiter striatus (Sharp-shinned
Hawk), Ictinia mississippiensis (Mississippi Kite), and Falco
sparverius (American Kestrel; Table 1). We analyzed daily
count data from the autumn migration seasons 1995-2022 for
Chichicaxtle and 1995-2019 for Cardel (counts at this second
site were suspended in 2020 and 2021 and restarted thereafter,
and data from 1997 are missing for both sites). Daily autumn
counts have been collected annually from August 20-November
20 following the protocol of the Hawk Migration Association
of North America (HMANA 2009). Further details of our
study system and data collection protocols can be found in
Ruelas Inzunza et al. (2009, 2010).

Weather Data

The weather data were obtained from the National Centers
for Environmental Prediction (NCEP) and National Center
for Atmospheric Research (NCAR) Reanalysis data set using
the RNCEP package in R (Kemp et al. 2012). These data have
a spatial resolution of 2.5 x2.5° and a temporal resolution of
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FIGURE 1. (A) Geographic location of the study area in the coastal plain of the Gulf of Mexico. (B) Location of the 2 monitoring sites (black dots) where
yearly autumn migration counts were conducted between 1995-2024. Gray scale refers to elevation.

TABLE 1. Migration ecology of the 8 raptor species analyzed in the present study. Migration type refers to partial or facultative migrant (for species whose
breeding and nonbreeding ranges overlap) and complete or obligate migrant (for species whose breeding and nonbreeding ranges do not overlap, and the
entire population vacates the breeding range during the nonbreeding season). Migrant refers to the distance from the centroid of their breeding range to
the centroid of their nonbreeding range, and are classified as short-distance migrants (SD; <2,500 km) and long-distance migrants (LD; >4,000km). The last
two columns are the mean number of individuals per species recorded throughout the autumn season (+SD). Ospreys are listed as flapping-and-soaring,

as they locally use either flight strategy.

Scientific name Species Flight strategy Migration type Migrant Cardel X (+ SD) Chichicaxtle x (= SD)

Cathartes aura Turkey Vulture Soaring Partial LD 991,064 (230,119) 804,355 (202,037)

Pandion haliaetus Osprey Soaring-and-flapping ~ Partial SD 1,748 (637) 844 (196)

Buteo platypterus Broad-winged Hawk  Soaring Complete LD 931,385 (212,334) 813,707 (173,600)

Buteo swainsoni Swainson’s Hawk Soaring Complete LD 303,912 (139,350) 393,762 (164,348)

Astur cooperii Cooper’s Hawk Flapping Partial SD 1,089 (475) 1,067 (271)

Accipiter striatus Sharp-shinned Hawk  Flapping Partial SD 1,559 (1,030) 1,562 (718)

Ictinia Mississippi Kite Flapping Complete LD 89,786 (58,269) 177,469 (80,502)
mississippiensis

Falco sparverius American Kestrel Flapping Partial SD 3,652 (2,651) 1,547 (1,386)

6 hr. We extracted the following variables: air pressure (Pa),
south-north wind component (Vwind; m s™'), east-west wind
component (Uwind; m s'), vertical wind component (Omega;
Pa s!), temperature (°C), and relative humidity (%). All vari-
ables, except for pressure, were extracted at the surface and
at a 925hPa level (pressure level nearest to our perceived
mean flight height of migrants). Data were interpolated lin-
early to our study sites (latitude and longitude) and at midday,
coinciding with the local peak activity. Using the east-west
and north-south wind components, we calculated the

component of the flow parallel to the preferred direction of
movement (tailwind) and the component of the flow perpen-
dicular to the preferred direction of movement (sidewind)
using the RNCEP package (Kemp et al. 2012). Before our
analyses, all variables were checked for collinearity using
Pearson correlation coefficients (Supplementary Material Fig-
ure S1—see Online Supplementary Material for a color ver-
sion of this figure). For variables with Ir>0.5l, we selected the
variable that we considered to provide the greatest ecological
insight (Table 2).
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TABLE 2. Description of the weather variables used in our analysis of intra- and interannual variation in raptor migration counts. The 925hPa is the atmo-
spheric pressure level nearest to the perceived mean flight height for raptor migration at our sites.

Variable Description Measurement units Atmospheric level
Tailwind Component of the flow parallel to the preferred m s 925hPa
direction of movement
Sidewind Component of the flow perpendicular to the ms™! 925hPa
preferred direction of movement
Omega Vertical wind Pas! 925hPa
Pressure Pressure at the surface level Pa Surface
Humidity Relative humidity % Surface

Analytical Approach

Bird migration phenology tends to be long-tailed (e.g., Both et al.
2009, Dunn and Mgller 2019), and the first and last days of occur-
rence are sensitive to sampling effort and changes in population
size (Moussus et al. 2010, Dorian et al. 2020). To minimize noise
from these factors, the analysis focused solely on the data window
from the Sth to the 95th percentiles for each year. We analyzed
migration patterns and their relationship with weather conditions
at 2 timescales: (1) daily scale variation (intra-annual variation)
and (2) yearly scale variation (inter-annual variation).

Intra-annual variability estimates

Variation in migration intensity can be associated with weather
conditions, as birds may exhibit abrupt behavioral responses
to gradual atmospheric changes. This may occur if individuals
delay departure until suitable conditions are met (conditions
that evolve progressively but elicit sudden movement once a
critical threshold is crossed). To analyze fluctuations in daily
migrant counts, we used a finite approximation to the second
derivative of the counts, hereafter called “roughness.” Because
we have discrete data, we used second differences, which are
the discrete analogues of derivatives, to identify abrupt changes
in the number of migrants.

To our knowledge, this method has not been used in previous
studies of migration; we describe it in detail below (see also
Supplementary Material). First, we calculated the first differ-
ences between each pair of successive migrant counts (Ax):

Ax(i} =X T X
Then we normalized the entire sequence of first differences

by subtracting the mean of the first differences and dividing by
the standard deviation:

Finally, the first differences for each of these Studentized first
differences is an approximation to the second derivative:

A (x) = A([A[x,])
We squared these differences (treating troughs and peaks in

migrant numbers the same), and divided it by 4 (because of the
squared quantity), giving:

R =22 I
(2h)

The resulting metric allows us to estimate how abrupt the
change in migrant numbers is at each point in the season. First
differences removed linear trends, and second differences
removed quadratic trends. Studentizing makes the measure
scale-free, so we can now compare roughness among seasons,
sites, or species. Finally, we can multiply the roughness R(x)
by the sign of their second difference, hereafter called “signed
roughness,” which allows us to quantify the abruptness of
downturns or upswings in daily counts (Figure 2). Unlike mod-
els based on a discrete probability distribution function such
as the Poisson, whose estimated parameter is the mean observed
count of birds each day (p), the roughness metric provides
useful information beyond the counts themselves or the first
differences since it allows us to identify large deviations from
the “usual” jagged behavior of migration numbers through
time contrary to simply analyzing counts that incorporates a
large amount of “usual” variability to be explained into the
analysis that may limit the statistical power to detect the more
unusual pulses and downturns (Supplementary Material Figure
S1 and Table S1).

Inter-annual variability estimates

To detect unusual variation in daily migration counts from
long-term expectations, we analyzed the inter-annual variation
by the deviations from the mean daily counts. For each day,
we estimated the mean count of individuals across all years and
subtracted this value from the registered count for that day in
each year. The resulting deviations allowed us to estimate how
much each daily count differed from the long-term mean for
that date. This metric was used as the dependent variable in
subsequent analysis.

Statistical analyses

We fit generalized linear mixed models (GLMM:s) assuming a
Tweedie distribution to evaluate the influence of weather vari-
ables on roughness (intra-annual) and deviation from the mean
counts (inter-annual). We expected overdispersion because
many different variables are likely to affect migrant numbers
in different ways, including species (measured), population
within species (unmeasured), and weather conditions at other
stopover sites several days prior to passage by our sites (unmea-
sured). Using the R package glmmTMB (Brooks et al. 2017),
we fit Tweedie models, which are especially useful for overdis-
persed data. Tweedie distributions are also appropriate here
because both roughness and deviation from mean counts are
non-negative. Indeed, a range of Tweedie dispersion coefficients
estimated by glmmTMB yield distributions that reduce to the
compound Poisson-gamma distribution (also called negative
binomial). In a rough sense, this model for daily count data (or
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FIGURE 2. Example of a roughness estimate. (A) Daily count of Accipiter striatus (Sharp-shinned Hawk) recorded in the autumn of 1995 at Cardel. (B)
Estimate of roughness. (C) Sign of second difference. The variation in counts (A) is primarily influenced by fluctuations over 3days (B), which mainly consist

of declines in the counts (C).

roughness) can be thought of as a Poisson distribution, in
which the Poisson parameter A varies over time. Tweedie mod-
els are used with growing frequency in ecology (e.g., Law et al.
2000, Hollister et al. 2015, Thorson et al. 2022).

On the intra-annual scale, in addition to weather variables,
we included site, flight strategy (flapping or soaring), and the
sign of the second difference (upswing or downturn) as cate-
gorical fixed effects. Including the sign of the second difference
as a predictor allowed us to address questions about the relative
importance and magnitude of upswings and downturns.
Finally, as continuous fixed terms, we included the interactions
of tailwind and sidewind with flight strategy, and we accounted
for an estimate of the temporal trend within the season by
including a third-order orthogonal polynomial for the Julian
day (Day). For the inter-annual scale, we included site, type of
migrant (long-distance or short-distance migrant), and sign
(positive or negative deviations from the mean) as categorical
fixed effects, and (as above), a third-order orthogonal polyno-
mial for Day, as well as the interactions of tailwind and side-
wind with the type of migrant as continuous fixed terms. We
examined the raptor response to weather variables within the
same-day, 1, 2, and 3-day lagged effects.

For both time scales, we included species and day of year
(DOY) nested within year, as random effects. DOY: Year is a
categorical variable that estimates the variance among days
within a year. Another way to understand the use of both Day
and DOY is to begin by realizing that days are the basic sample
unit in this study; thus, including DOY:Year as a random term
ensures the models’ correspondence with the study design.
Unless one expected no temporal trend within the season, it is
also necessary to model it; we do so with the continuous fixed
effect of the polynomial for Day.

Before the analysis, the explanatory variables were standard-
ized by centering the values on the mean and dividing them by 2
standard deviations (SD). Finally, we used the Schwarz Informa-
tion Criterion (SIC) to select the best models for the intra- and
inter-annual analysis. There are a number of arguments as to why
the SIC (also called Bayesian Information Criterion) can be pref-
erable to the more widely used Akaike Information Criterion
(AIC). The AIC is designed to be used to identify the best predic-
tive model (given the data) from a group of models. As such, it
tends to include more terms because they improve predictions.
This can lead to overfitting. By contrast, the SIC is designed to
identify the model that is closest to the underlying process—the
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“truth”—and is less prone to overfit models. Dennis et al. (2019)
show that the SIC is “consistent” (its error goes to zero as sample
sizes increase), and this is true even when the model is mis-specified;
neither of these is true for the AIC. The goodness of fit of the
models was evaluated through marginal and conditional R

2 using the MuMIn R package (Barton 2022), and compliance
with model assumptions was checked from diagnostic residual
plots. All analyses were performed in R (V4.4.1; R Core
Team 2024).

RESULTS
Migration Timing

For the 8 focal study species, we recorded an annual mean of
2,105,181 individuals at Cardel and 1,959,766 individuals at

Weather and raptor migration 7

Chichicaxtle, with the expected variation in abundances among
species. Cathartes aura was the most abundant species at Cardel,
while the Astur cooperii was the least abundant. At Chichicaxtle,
the B. platypterus was the most abundant, and P. haliaetus was
the least abundant (Table 1). The passage window for most of
the species was recorded from the middle to the second half of
the field season, except for the I. mississippiensis, which was
recorded from the start to the middle of the field season. Buteo
swainsoni had the narrowest 90% migration window, while P.
haliaetus had the broadest migration window and was recorded
throughout the entire season (Figure 3).

Weather Variables

In our study area, the mean humidity value per season was
94% (+3.02 SD) for both sites. The prevailing sidewinds were

FIGURE 3. Mean daily counts of migrating raptors of 8 species recorded at (A) Cardel (1995-2024; no data in 1997, 2020, and 2021) and (B) Chichicaxtle
(1995-2024, no data in 1997), Veracruz, Mexico. Vertical dashed lines show the central 90% passage window.
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mainly positive (wind blowing from west to east), with a mean
value of 1.75m s™! (£3.16 SD) for Cardel and 1.33m s™! (x1.33
SD) for Chichicaxtle. The tailwind had a mean value per season
of —0.63 (+x3.01 SD) for Cardel and 0.37m s! (x3.39 SD) for
Chichicaxtle, indicating tailwinds for Cardel while Chichicax-
tle experienced a trend towards weak headwinds. These com-
ponents translate to a mean wind speed of 4.19m s! (£2.23
SD) for Cardel and 3.86m s (22.34 SD) for Chichicaxtle,
corresponding to a gentle breeze and light breeze, respectively,
in the Beaufort wind scale. The Omega variable was predom-
inantly negative in Cardel with a mean value per season of
-0.065Pa s (+0.06 SD), indicating uplift movements
(Bronnvik et al. 2022), while in Chichicaxtle the mean value
per season was 0.001Pa s™! (+0.05 SD; Supplementary Material
Figure S3—see Online Supplementary Material for a color ver-
sion of this figure).

Intra-annual Patterns in the Roughness of Bird
Migration Counts

The best-fit models for the intra-annual variability in the
roughness of raptors’ autumn migration include random effects
for DOY nested within year, year, and species. Among these
factors, the term DOY nested within year accounted for the
greatest amount of variation (Table 3). Overall, the global
models exhibited strong explanatory power, with a conditional
R? of 0.57. However, the variance that corresponds to the fixed
variables was relatively modest, with a marginal R? of 0.17 or
lower. The fixed variables included in the best model were:
Days, site, the sign of second difference, tailwind, and flight
strategy (Table 3). In general, we observed higher roughness
of bird abundance values at the beginning of the season, and
these values decreased as the migration season progressed
(Figure 4A). In the presence of headwinds (positive tailwind
values), raptor species abundance exhibited an increase in
roughness (Figure 4B). Our results indicated that raptor migra-
tion experienced more abrupt downturns than upsurges, as
shown by the sign of the second difference variable, which
exhibited greater negative values compared to positive ones
(Figure 4C). In the case of the site variable, Cardel showed
higher roughness values than Chichicaxtle (Figure 4D) and, in
terms of flight strategy, soaring species showed higher and
more variable roughness values than flapping birds (Figure 4E).
Although the models incorporating the lagged effects of
weather variables showed lower SIC values, they did not
explain more variation (Table 3). Notably, none of the best-fit
models included two-way interactions between explanatory
variables.

Inter-annual Patterns in the Deviation from the
Mean of Bird Migration Counts

The best-fit models for the inter-annual variability in devia-
tion from the mean autumn migration counts include random
effects for DOY nested within year, year, and species. Among
these factors, the term species accounted for the greatest
amount of variation (Table 4). The models exhibited a strong
overall explanatory power, with a conditional R? of 0.96.
However, the variance that corresponds to the fixed variables
was relatively modest, with a marginal R? of 60.18 or lower.
Moreover, when we compared daily deviations from the
mean in migration counts across different years, we observed
substantial variability, reflected in a large confidence interval

Y. Morales-Gongora et al.

(CI) in estimated model parameters. Yet, fixed effects sug-
gested larger deviations from the mean at the start of the
autumn season, and as the season progressed (Day), the devi-
ation from the mean tended to decrease (Figure SA). The
only weather variables that influenced inter-annual changes
were tailwind and sidewind in interaction with the type of
migrant. In general, long-distance migrants showed greater
deviations from the mean when headwinds were present
(indicated by positive tailwind values) and when sidewinds
came from the west. In contrast, short-distance migrants did
not exhibit a differential response to varying tailwind and
sidewind conditions (Figures 5B—C). Additionally, we found
that positive deviations from the mean were generally more
extreme than negative deviations (Figure 5D). This suggests
that in certain years, bird counts were higher than the mean
on specific days. Finally, the highest deviations from the
mean were recorded at the Cardel station compared to Chi-
chicaxtle (Figure SE). The models incorporating lagged terms
had lower SIC values. However, these models did not improve
the explanatory power of fixed variables (marginal R?) over
variation in the number of migrants observed across the years
(Table 4).

DISCUSSION

We found no strong effect of local weather variables on either
intra- or inter-annual patterns of migration counts. While
we identified some statistically significant relationships
between local wind conditions and day-to-day variation in
raptor counts, particularly for intra-annual patterns, the
explanatory power of the weather variables was subtle in
both of the timescales we evaluated, indicating that raptor
species show little selectivity for local weather conditions to
migrate over the coastal plain of the Gulf of Mexico. How-
ever, the inclusion of random effects greatly increased the
models’ explanatory power. At the intra-annual scale, most
of the explained variance was attributed to the random factor
DOY (day of year) nested within year, this could be related
to the characteristics of our study sites, since this area serves
as a convergence zone for populations from various geo-
graphic origins (Ruelas Inzunza et al. 2009) that likely expe-
rience different prior conditions that could influence their
migration decisions. At the inter-annual scale, most of the
variance explained by the random effects was associated with
species identity, indicating that intrinsic species traits, such
as ecology, migration strategy, route selection, and popula-
tion size, may play a major role in shaping these year-to-year
variations.

Weather Effects on Intra- and Inter-annual Variation

The seasonal patterns of migration are known to influence, and
be influenced by, various aspects of birds’ behavior, including
migration speed, timing, energy expenditure, migratory route,
reproductive success, and mortality (Horton et al. 2019).
Moreover, these factors can also impact population dynamics
beyond individual fitness (Becciu et al. 2018). Identifying the
environmental drivers of intra- and inter-annual migration pat-
terns is central to forecasting future migration dynamics under
a changing climate.

In contrast to our study, research in other regions of the
world has shown that variables such as wind and temperature
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TABLE 3. Summary statistics of the best general linear mixed models relating the intra-annual roughness values with weather variables without lag (LAGO)
and lagged by 1, 2, and 3days (LAG1, LAG2, and LAG3, respectively) for 8 raptor species at 2 monitoring sites in Mexico's Gulf coast. Day? and Day?® refer
to second and third-order terms in the orthogonal polynomials for Day (day of year). SIC refers to the Schwarz Information Criterion. SD refers to standard

deviation.
Model Fixed effect Coefficients + SE Random effect SD SIC
LAGO Intercept -0.17+0.08 DOY:Year 1.04 12,491.9
Day -53.59+4.33 Year 0.17
Day? —22.44+3.45 Species 0.15
Day? -18.68+2.90
Site -0.10+0.03
Sign of the second difference -0.46+0.03
Tailwind 0.31+0.02
Flight strategy 0.72+0.12
Conditional R? 0.57
Marginal R? 0.17
LAG1 Intercept -0.22+0.08 DOY:Year 1.05 12,442.9
Day -53.40+4.32 Year 0.16
Day? -21.42+3.45 Species 0.16
Day? -20.07+2.90
Sign of the second difference -0.46+0.03
Tailwind 0.24+0.02
Flight strategy 0.72+0.12
Conditional R? 0.57
Marginal R? 0.16
LAG2 Intercept -0.23+0.08 DOY:Year 1.05 12,303.5
Day -52.72+4.38 Year 0.15
Day? -21.37+3.45 Species 0.16
Day? -20.13+2.90
Sign of the second difference -0.46+0.03
Tailwind 0.23+0.02
Flight strategy 0.73+0.12
Conditional R? 0.57
Marginal R? 0.16
LAG3 Intercept -0.19+0.08 DOY:Year 1.06 12,152.1
Day -51.17+4.23 Year 0.14
Day? -22.35+3.46 Species 0.16
Day? -18.92+2.94
Site -0.07+0.03
Sign of the second difference -0.46+0.03
Tailwind 0.22+0.02
Flight strategy 0.72+0.12

Conditional R*
Marginal R?

0.57
0.15

had a strong association with daily counts in raptors (e.g.,
Spaar 1997, Panuccio et al. 2016, Becciu et al. 2018, Duman-
dan et al. 2022). Similar to our study, research on P. haliaetus
migrating between northern Europe and Africa showed a minor
effect of winds and precipitation on their travel or stopover
decisions (Thorup et al. 2006). However, the statistical methods
used in the aforementioned studies do not provide a measure
of the percentage of variation explained by environmental fac-
tors for comparison. Using our approach, we were able to
quantify effect sizes directly (proportion of variance explained
by fixed variables) and show that weather explained a relatively
small proportion of the variation in migration counts. The
mixed results of studies, regardless of the time scale or the
metric used to analyze this phenomenon, seem to indicate that
the influence of weather variables on avian migration is
context-dependent and that species can exhibit a flexible
response across their migratory route.

Interannually, both long and short-distance migrant species
exhibited effects from wind-related variables, but we observed
substantial variability. The weak effect of weather on the
inter-annual migration patterns may be explained by geogra-
phy, moderate variation in wind conditions, and cumulative
effects. Geographically, North America’s wind patterns seem
to generally favor flight directions, resulting in birds being less
exposed to adverse wind conditions than migrants in Europe
(Erni et al. 2005). In addition, small-scale winds are more vari-
able in time and space at northern latitudes, and wind speeds
are weaker above land and at low altitudes (Liechti 2006). At
our study sites, mean seasonal wind speeds were moderate
(4.19m s7! for Cardel and 3.86 m s™! for Chichicaxtle). It may
not be surprising, therefore, that raptor migration intensity
was little affected by weather, since the conditions experienced
in the study sites appear fairly stable and less extreme when
compared to other regions (e.g., Erni et al. 2005, Panuccio

920z Aieniga4 9z uo Jasn ss800y JaquB|\ SOV Aq 622588/ 20rexn/ABojoynulo/s60 L 01 /10p/a[oIe-adueApepne/woo dno-olwepese//:sdiy wo.ll papeojumod



10 Weather and raptor migration

Y. Morales-Gongora et al.

FIGURE 4. Effect of (A) day of year, (B) tailwind, (C) sign of second difference, (D) site, and (E) flight strategy on the roughness of 8 raptor species. In plots
(A) and (B), solid line indicates the response curve, and the 95% confidence interval (Cl) is shaded grey. Here we plot the best model without the lagged

effect of weather variables (LAGO model).

et al. 2016, Concepcion et al. 2017). Collectively, these geo-
graphic and meteorological features likely dampen
weather-driven variability in our counts.

Lastly, as our study sites are situated near the halfway point
to the southern end of our focal species’ migration pathways,
it is reasonable to suspect that a cumulative effect of weather
at locations north of our study sites (e.g., the weather condi-
tions encountered by birds several days before they reach our
study sites) affects the pace and flow of migration at our sites.
Thus, if a lagged effect exists, it could be better modeled by
linking weather variables measured at sites elsewhere on the
migration route, or in advance of peak flights. Future work
coupling movement data (e.g., from telemetry and radar track-
ing) with spatially explicit weather surfaces could test for such
lagged carryover effects.

Interspecific Differences in Responses to Weather
Factors and Issues of Scale

In agreement with our prediction at the intra-annual scale, we
observed a differential response between soaring and flapping
raptors. Soaring species exhibited the highest roughness values,
indicating a strong response to wind conditions, particularly
in the presence of headwinds. This pattern is consistent with
the greater costs of sustained flapping under unfavorable winds
and the reliance of soaring migrants on atmospheric support.
On the other hand, at the inter-annual scale, we expected a
more variable response in short-distance migrants. Instead, we
found the opposite pattern: long-distance migrants exhibited
greater variation in daily migration counts from year to year.
It is commonly suggested that short-distance migrants exhibit
a more flexible migratory behavior related to year-to-year vari-
ations in weather conditions (Brisson-Curadeau et al. 2020);

however, the opposite response observed in this study may be
explained by the geographic location of our study sites, as it
serves as a convergence zone for various raptor populations.
Additionally, different sex and age groups usually do not
migrate together (Moussus et al. 2010), suggesting that varia-
tion in migration timing could be influenced by sex- and
age-specific factors.

However, neither of the time scales evaluated showed a high
proportion of variance explained by weather conditions; more-
over, only the wind-related variables showed an effect on migra-
tion counts. The lack of influence of the other weather variables
analyzed may be a matter of the temporal scale of our study
(e.g., daily weather and count data), as other works have
detected an influence of weather on an hourly scale (Seeland
et al. 2012), suggesting that the response to environmental
conditions may occur on a finer temporal scale than daily
counts allow. Higher-resolution temporal sampling and vertical
profiles of wind structure may reveal relationships that are
obscured by daily aggregation.

An important aspect to consider is that meteorological phe-
nomena occur at different scales in space and time
(Shamoun-Baranes et al. 2017). Therefore, we can expect
birds to modulate their responses according to the atmo-
spheric conditions encountered on their en route journey
(Becciu et al. 2018), and consequently, we cannot assume that
the same behavior can be extrapolated to the entire migration
route (Schmaljohann et al. 2017). Moreover, the decision to
migrate is determined by a combination of intrinsic factors
including body condition, sex, and age, as well as extrinsic
factors such as weather conditions, food abundance, date,
and distance from migratory goal or the starting point of
migration (Kerlinger et al. 1985, Dossman et al. 2016,
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TABLE 4. Summary statistics of the best general linear mixed models relating the interannual variation (deviations from the mean) in the number of migrants
and weather variables without lag (LAGO) and lagged by 1, 2, and 3days (LAG1, LAG2, and LAG3, respectively) for 8 raptor species at 2 monitoring sites in
Mexico's Gulf coast. Day? and Day?® refer to second and third-order terms in the orthogonal polynomials for Day (day of year). SIC refers to the Schwarz

Information Criterion. SD refers to standard deviation.

Model Fixed effect Coefficients + SE Random effect SD SIC
LAGO Intercept 7414 DOY:Year 0.33 178,324.3
Day -39.09+2.28 Year 0.10
Day? -13.76£1.63 Species 2.95
Day? -18.5+1.2
Site -0.200.01
Sign of deviation 0.56+0.02
Tailwind 0.12+0.01
Sidewind 0.01+0.01
Type of migrant -2.35+2.08
Tailwind*type -0.13+0.02
Sidewind*type 0.07+0.02
Conditional R? 0.96
Marginal R? 0.18
LAG1 Intercept 74+1.4 DOY:Year 0.33 177,249.3
Day -39.68+2.25 Year 0.10
Day? -12.34+1.63 Species 2.95
Day? 19.84+1.26
Site -0.21+0.01
Sign of deviation 0.56+0.02
Tailwind 0.12+0.01
Sidewind 0.002+0.01
Type of migrant -2.34+2.08
Tailwind*type -0.13+0.02
Crosswind*type 0.06+0.02
Conditional R? 0.96
Marginal R? 0.18
LAG2 Intercept 7.39+1.4 DOY:Year 0.33 175,048.4
Day -39.78+1.20 Year 0.10
Day? -11.35+1.63 Species 2.95
Day’ -21.07+1.26
Site -0.21+0.01
Sign of deviation 0.56+0.02
Tailwind 0.12+0.01
Sidewind 0.006+0.01
Type of migrant -2.33+2.08
Tailwind*type -0.13+0.02
Crosswind*type 0.06+0.02
Conditional R? 0.96
Marginal R? 0.17
LAG3 Intercept 7.38x1.4 DOY:Year 0.34 171,806.4
Day -38.14x2.12 Year 0.11
Day? -11.48+1.64 Species 2.95
Day? -21.7+1.28
Site -0.23+0.01
Sign of deviation 0.56+0.02
Tailwind 0.10+0.01
Type of migrant -2.31+2.08
Tailwind*type -0.08+0.01

Conditional R?
Marginal R?

0.96
0.17

McCabe et al. 2018, Linscott et al. 2022), this means that a
bird’s migratory strategy depends on the ecological and geo-
graphical context in which it is situated. Accounting for these
interacting drivers will likely improve predictive models of
migration timing and intensity, particularly under scenarios
of rapid environmental change.

Methodological Considerations

In the past, we have been limited in our capacity to predict
day-to-day variation in migration phenology due to local
weather conditions because we lacked an appropriate measure
of change at this scale. Here, we present a novel approach to
measure and describe within-season variation in bird migration
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FIGURE 5. Effect of (A) day of year, (B) tailwind in interaction with type of migrant, (C) sidewind in interaction with type of migrant, (D) sign of the deviation
of the mean, and (E) site on the interannual variation in autumn migration counts of 8 raptor species. In plots (A), (B), and (C), the solid line indicates the
response curve, and the 95% confidence interval (Cl) is shaded grey. Here we plot the best model without the lagged effect of weather variables

(LAGO model).

intensity. The roughness metric we describe can be used not
only on a daily scale but also on different timescales (e.g.,
hours, weeks, etc.) and can be related to environmental and
ecological variables beyond those tested here. One advantage
of this metric is that the estimate of roughness values takes into
account the previous number of individuals, so it can be useful
to analyze abrupt changes in migration intensity that occur
over short periods or between successive times. Because rough-
ness explicitly incorporates the magnitude of change between
successive counts, it provides a sensitive index of variation that
is well-suited to detecting sharp pulses in migration and relating
them to rapidly varying drivers. We encourage its application
to other taxa, methods (e.g., radar and acoustic monitoring),
and spatial scales.

Conclusion

Our study shows that, at the stopover scale, local weather
conditions account for less than 20% of the variation in raptor
migration intensity along the coastal plain of the Gulf of Mex-
ico, a region renowned as a global hotspot for migratory rap-
tors (Ruelas Inzunza et al. 2009). This finding suggests that
raptors may exhibit variable responses to weather, depending
on their geographic location, highlighting the importance of
considering how weather dynamics vary across larger spatial
and temporal scales, as well as their cumulative effects. How-
ever, further research in the Neotropics is needed to fully

understand how raptors adapt to local weather conditions
along their migratory routes. By investigating the intrinsic and
extrinsic factors that influence migration at different points
along their migratory routes, we can gain deeper insights into
the complex dynamics of migration, as well as its drivers.
Finally, roughness analysis, as presented here, can be used as
a tool to more adequately model sharp changes in temporal
variation in bird counts. Broader adoption of this approach
will facilitate cross-site comparisons and improve our ability
to forecast migration responses to future atmospheric change.

Supplementary material

Supplementary material is available at Ornithology online.
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