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Avian Behavior, Ecology, and Evolution

Conserved migration strategies despite contrasting reproductive success in
two neighboring Bobolink populations in the northeastern U.S.

Estrategias migratorias conservadas a pesar de éxitos reproductivos contrastantes en dos
poblaciones vecinas de Charlatan en el noreste de Estados Unidos
Zishi Wu'! and Noah Perlut?

ABSTRACT. Understanding how carry-over effects link different stages of the annual cycle is essential for conserving declining migratory
birds. We investigated the full annual-cycle movements of two Bobolink (Dolichonyx oryzivorus) populations breeding ~280 km apart in
contrasting-quality habitats in the northeastern United States using archival light-level geolocators recovered from 14 individuals.
Populations differed dramatically in nest success (62% vs. < 5%), allowing us to test carry-over effects from reproductive success on
migratory timing and performance during both fall and spring migration. We found weak migratory connectivity between breeding
populations at each stage of their annual cycle, including their use of three distinct strategies for crossing the west Atlantic. Despite the
disparity in breeding outcomes on the population level, we found no difference in fall migration timing or performance metrics (migration
duration, stopover duration) at the population level. Spring migration was notably faster than fall migration, with birds completing the
northbound journey in approximately half the time. Our findings highlight substantial phenotypic variation in Bobolink migration and
suggest that conservation strategies must account for variations in migratory behavior and the multiple pathways connecting breeding
and wintering areas.

RESUMEN. Entender como los efectos de arrastre vinculan diferentes etapas del ciclo anual es esencial para conservar aves migratorias
en declive. Investigamos los movimientos del ciclo anual completo de dos poblaciones de Charlatan (Dolichonyx oryzivorus) que se
reproducen a unos 280 km de distancia entre si, en habitats de calidad contrastante del noreste de Estados Unidos, mediante
geolocalizadores basados en niveles de luz recuperados de 14 individuos. Las poblaciones difirieron marcadamente en el éxito de los
nidos (62% vs. < 5%), lo que nos permitio evaluar los efectos de arrastre del éxito reproductivo sobre el momento y el desempeiio de la
migracion, tanto durante la migracion otofial como durante la primaveral. Encontramos una débil conectividad migratoria entre las
poblaciones reproductivas en las distintas etapas de su ciclo anual, incluyendo el uso de tres estrategias diferentes para atravesar el
Atlantico occidental. A pesar de la marcada diferencia en los resultados reproductivos a nivel poblacional, no encontramos diferencias
entre poblaciones en el momento de la migracion otofial ni en las métricas de desempeiio migratorio (duracion de la migracion y de las
paradas). La migracion primaveral fue notablemente mas rapida que la otoiial y las aves completaron el desplazamiento hacia el norte
aproximadamente en la mitad del tiempo. Nuestros resultados ponen de manifiesto una considerable variacion fenotipica en las estrategias
migratorias del Charlatan y sugieren que las estrategias de conservacion deben contemplar las variaciones en el comportamiento
migratorio y las multiples vias que conectan las areas de reproduccion y de invernada.
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INTRODUCTION

Bird migration is a complex behavioral phenomenon shaped by
a combination of genetic, physiological, and environmental
factors (Alerstam et al. 2003, Winger et al. 2014). Through
migration, birds naturally alternate between periods of relative
residency and large-scale directional movements, giving rise to a
cyclical annual pattern that links geographically distant breeding
and non-breeding areas, often separated by thousands of
kilometers (Webster et al. 2002). Ecological conditions
encountered during one phase of the annual cycle can influence
performance and fitness during subsequent phases. These
influences, known as carry-over effects, play a critical role in
shaping individual fitness and population dynamics, particularly
as migratory birds experience increasingly variable and rapidly
changing environmental conditions across their annual cycle
(Norris et al. 2004, Harrison et al. 2011).

The most extensively studied pattern among migratory birds
breeding in the Northern Hemisphere involves how wintering
conditions and spring migration timing influence arrival on the
breeding grounds and subsequent nesting success (Norris et al.
2004, Winger et al. 2014), with earlier arriving individuals generally
achieving higher reproductive success (Smith and Moore 2005,
Morrison et al. 2019). More recently, studies have begun to examine
how breeding performance influences fall migration, showing that
earlier completion of breeding is often associated with earlier
departure on fall migration (Catry et al. 2013, van Wijk et al. 2017,
Imlay et al. 2021), a pattern hypothesized to be advantageous by
giving individuals more time and allowing them to avoid harsh
weather conditions later in the season (Mitchell et al. 2012).
However, other studies have found no relationship between
breeding timing and fall migration departure in some species
(Senner et al. 2014, Monti et al. 2023), suggesting that these carry-
over effects may be species-specific or context-dependent.
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In addition to carry-over effects, migratory connectivity
represents another fundamental concept in migration ecology,
describing how breeding populations are geographically linked to
specific non-breeding regions (Webster et al. 2002). High
migratory connectivity occurs when individuals from the same
breeding area migrate to the same non-breeding region, whereas
weak connectivity reflects extensive mixing of individuals from
different breeding populations during the non-breeding season.
Migratory connectivity can be shaped by multiple factors,
including geographic barriers, species’ distribution ranges, and
migratory strategies (Finch et al. 2017, Nourani et al. 2018,
Norevik et al. 2020).

Understanding the strength of migratory connectivity has
important ecological and conservation implications. From a
management perspective, strong connectivity allows population-
specific strategies, whereas weak connectivity often requires
range-wide approaches (Cohen et al. 2017). From an evolutionary
standpoint, strong connectivity can facilitate rapid local
adaptation by consistently exposing populations to specific
selective pressures, but it may also reduce genetic variation that
shape migratory behavior, potentially limiting populations’ability
to respond to large-scale environmental changes such as climate
change (Webster et al. 2002).

Bobolink (Dolichonyx oryzivorus), a ~30 g New World blackbird,
is a grassland specialist that undertakes one of the most extensive
migrations among North American songbirds, traveling
approximately 20,000 km annually between their breeding and
non-breeding grounds (Perlut 2018, Renfrew et al. 2020).
Bobolink populations have experienced persistent declines of
1.7% annually from 1966 to 2022 across their breeding range,
resulting in a cumulative population reduction of 62% over a 56-
year survey period (Ziolkowski et al. 2023).

Renfrew et al. (2013) examined Bobolink migratory connectivity
across breeding populations distributed along an east-west
gradient in North America and found evidence of extensive
population mixing (i.e., weak connectivity) during the non-
breeding season. This observation aligns with genetic evidence
from Renfrew et al. (2022), who, despite identifying four distinct
genetic groupings, found low levels of genetic differentiation
across the breeding range. The parallel patterns of weak migratory
connectivity and genetic homogeneity are consistent with the
understanding that migratory behavior has a strong genetic basis
(Helbig 1991).

Although these studies have significantly advanced our
understanding of Bobolink’s migratory patterns, no study has
looked at the related carry-over effect between breeding outcome
and migration in Bobolinks. Fine-scale comparisons of migration
ecology between closely situated breeding populations also
remain unexplored; for example, the closest populations in
Renfrew et al. (2019) were about 600 km apart longitudinally.
Investigating whether proximate breeding populations with
different habitat characteristics and breeding success exhibit
distinct migration strategies could shed light on the factors
influencing migration decisions in this long-distance migrant.

In this study, we compared the fall and spring migration ecology
of two Bobolink populations breeding approximately 280 km
apart in the northeastern United States in grasslands of
contrasting quality. One population bred in large, continuous
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hayfield patches characterized by high nest success, while the
other nested in a small, isolated patch experiencing extremely high
predation and therefore low reproductive success. Although these
two populations are geographically close and belong to the same
genetic subunit (Renfrew et al. 2022), contrasting reproductive
success could still plausibly generate differences in migratory
behavior by influencing breeding-ground condition or departure
timing, which could in turn influence migratory routes and the
degree of connectivity between breeding and nonbreeding areas.
We therefore analyzed three aspects of their migratory ecology:
connectivity, timing, and performance. We hypothesized:

1. Connectivity: Bobolinks would show weak migratory
connectivity between the two populations because of their
geographic proximity and genetic similarity, which would be
reflected in overlapping migratory routes and similar ocean-
crossing strategies.

2. Timing: Bobolinks breeding in the low-quality habitat
would depart for their fall migration earlier because nest
failure would lead to earlier completion of reproduction.
Because second broods are not common (Gavin 1984,
Renfrew et al. 2020), this would free Bobolinks from parental
duties earlier than those in the high-quality habitat. No
difference in migration timing was expected in the spring.

3. Performance: migration performance, including stopover
allocation and total migration duration, was expected to be
similar between populations, as we hypothesized that nest
failure was more likely to influence the timing of migration
than the amount of fuel storage or flight capacity.

METHODS

Study area

In the northeastern U.S., Bobolinks almost exclusively nest in
pastures and hayfields on agricultural lands (Perlut et al. 2006).
Our high-quality site was Shelburne Farms in Shelburne, Vermont
(44.39° N, 73.26° W; hereafter VT). Our low-quality site was the
Hudson Valley Farm Hub in Hurley, New York (41.91° N, 74.09°
W; hereafter NY), 283 km linear distance apart (Fig. 1). Because
individual nesting outcomes were not monitored for all tracked
birds, we interpreted differences between populations as reflecting
population-level variation in reproductive success.

The Vermont site comprised approximately 800 ha of continuous,
actively managed hayfields supporting a well-established
population of > 100 breeding Bobolink pairs. Hayfield
management occurred on most fields during the breeding season,
with mowing between mid-May and early July. These fields were
composed of alfalfa (Medicago sativa), red clover (Trifolium
pratense), white clover (Trifolium repens), dandelion (Taraxacum
officinale), orchard grass (Dactylis glomerata), timothy (Phleum
pratense), bluegrass (Poa sp.), reed canary grass (Phalaris
arundinacea), and vetch (Vicia sp.). One additional field, which
included sedge (Carex spp.) and bedstraw (Galium sp.), was
mowed after the breeding season. The average nest success rate
was 62% in this population during this study (authors,
unpublished data).

The NY site consisted of one isolated 8 ha grassland field (largely
Kernza, Thinopyrum intermedium) on a farm that included 600
ha of row crops, with forested mountains to the west and urban
development and highway infrastructure to the east. We regularly
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Fig. 1. Study sites for the two Bobolink breeding populations at Shelburne Farms, Vermont (44.39° N, 73.26° W; VT) and Hudson
Valley Farm Hub, New York (41.91° N, 74.09° W; NY). Satellite imagery shows hayfield boundaries (outlined in orange in VT and
blue in NY) at both sites, illustrating contrasting landscape heterogeneity. On-site photographs show representative habitat at each

site.
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observed flocks of over 50 Bobolinks in this field in April and
August, but fewer than eight pairs per year chose to nest there.
This field was not mowed during the breeding season, but because
of its very high edge density, predation risk was extremely high.
More than 95% of nests were depredated over the duration of
this study.

Bird capture and tracking

In May 2022 and 2023, we captured 53 adult Bobolinks at both
study sites using mist nets (2022: 14 in VT and 11 in NY; 2023:
17in VT and 11 in NY). For one day, we placed 20-30 12 m mist
nets across each field from 04:00 to 12:00 to passively catch birds.
We then caught birds opportunistically at nests or with a
playback. Each bird was confirmed as breeding status by
examining the cloacal protuberance for males and brood patch
for females. We fitted each bird with an archival light-level
geolocator unit (0.65 g; Migrate Technology, Cambridge, UK)
using a leg-loop harness (Rappole and Tipton 1991). The total
mass of the geolocator and harness was < 3% of each bird’s body
mass.

In 2023 and 2024, we successfully retrieved 14 geolocators from
the respective previous year: seven from VT (3 in 2023, 4 in 2024)
and seven from NY (6in 2023, 1 in 2024). One bird from each site
was tracked for two years. Although this replication could
introduce potential non-independence in the dataset, we treated
all migration tracks as independent given our small sample size
(n = 14) and because visual comparison of the two repeat tracks
showed substantial year-to-year variation in routes, suggesting
individual flexibility rather than fixed migratory programs.

Analysis of tracking data

All statistical tests were conducted in R version 4.4.1 (R Core
Team 2024). Following Perlut (2018) and Lisovski et al. (2020),
we downloaded and formatted raw twilight data using IntiProc
v1.03 (Migrate Technology) and identified sunrise and sunset
times with the “BAStag” package, applying a light threshold of
1.0. After visual inspection to remove unrealistic dawn/dusk
times, we proceeded with location analysis using the FlightR
package (Rakhimberdiev et al. 2017), with calibration periods
based on known breeding locations. FlightR uses a hidden
Markov chain model to estimate the location of migrating
animals at dawn and dusk (Rakhimberdiev et al. 2015). This
dual calibration approach allowed us to account for potential
sensor degradation over time. We ran the model with 10°
particles and prohibited birds from remaining stationary over
water bodies.

Bobolinks inhabit open habitat throughout the vyear,
experiencing minimal shading issues compared to forest-
dwelling species (Lisovski et al. 2020). The resulting clearer
estimates of dawn and dusk improve geolocation accuracy, with
errors of less than 50 km reported during the breeding season
when birds occupy known locations (Renfrew et al. 2019).
Despite this advantage, we still followed established geolocator
analysis protocols by focusing exclusively on migration
movements > 200 km to ensure reliable detection (Fudickar et
al. 2012, Lisovski et al. 2012). To address the challenge of
estimating latitude around equinoxes, we excluded latitude data
within 15 d of the fall and spring equinox and relied solely on
longitude to infer movement during these periods (Phillips et al.
2004).
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Following location estimation, we used FlightR to identify periods
of stasis and movement. For each bird, we extracted stopover and
wintering locations and calculated departure and arrival times for
fall and spring migrations, as well as ocean crossing events (Perlut
2018). For our timing analysis, we used quantile (Q50) arrival and
departure dates to ensure consistent estimates across individuals.

Migration connectivity

To quantify the strength of migratory connectivity, we employed
Mantel correlation coefficients (Ambrosini et al. 2009) using the
“ade4” package in R (Dray and Dufour 2007). We first applied the
traditional approach by constructing two distance matrices: one
representing the geographic distances between each pair of our 14
tracked birds during the breeding season, and another representing
pairwise distances between all individuals on their non-breeding
grounds. We then used random permutations to estimate the
Mantel correlation coefficient (ranging from —1 to 1) and its
associated p value. A strong positive correlation between these
matrices indicated high migratory connectivity, where birds
breeding in proximity wintered near each other. Conversely, values
near zero indicated weak connectivity, whereas negative values
indicated that birds breeding near each other wintered farther
apart, demonstrating population mixing (Ambrosini et al. 2009).

We extended this traditional method by incorporating two
additional distance matrices representing bird distributions at
critical water crossing locations during southward (over the
western Atlantic Ocean) and northward (over the Caribbean Sea)
migration. This expansion was motivated by the observation that,
despite all Bobolinks utilizing the “Atlantic flyway,” individuals
exhibited distinct overwater flight strategies (Perlut 2018). By
including these supplementary matrices, we investigated partial
connectivity on their migration (e.g., whether individuals from the
same breeding sites employed similar route selection strategies
during these overwater flights).

Each of the four matrixes consisted of a 14X14 table where
individual cells represented the geographic distance between pairs
of birds at that stage of the annual cycle. We conducted Mantel
tests with 999 permutations for all six possible pairwise
comparisons between our four matrices (breeding, southward
ocean, northward ocean, and non-breeding) to determine whether
spatial arrangements of individuals relative to each other were
correlated across different annual cycle periods. For example, we
examined whether birds breeding in proximity also wintered near
each other, or whether birds crossing the ocean at similar locations
in southward migration also utilized similar crossing locations in
northward migration. This comprehensive analytical approach
allowed us to quantify connectivity strength between multiple
stages of the annual cycle, providing insights into the degree of
population mixing throughout migration.

Migration timing and performance

To quantify migration timing and performance, we extracted six
core metrics for each individual during each migration season
(Table 1) and tested for site-level differences in every metric using
Mann-Whitney U tests (Wilcoxon rank-sum tests). Given the small
sample size (n = 7 per site), we used non-parametric tests to avoid
assumptions of normality and increase robustness to outliers. We
report unadjusted p values with a = 0.05, acknowledging that
multiple comparisons may increase the risk of Type I error.
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Table 1. Names and definitions of six migration metrics used in
the analysis of migratory timing (top three metrics) and
performance (bottom three metrics) of Bobolinks, during both fall
and spring migration.

Metric Definition

Departure date Date left breeding ground (fall) or wintering ground
(spring)

Date initiated western Atlantic (fall) or Caribbean
Sea (spring) crossing

Date arrived at non-breeding ground (fall) or
breeding ground (spring)

Number of days between departure and arrival
Count of stationary periods during migration
Mean duration of individual stopover periods (d)

Ocean crossing date
Arrival date
Total migration duration

Number of stopovers
Avg. stopover duration

RESULTS

Overall migration pattern

Bobolinks departed their breeding grounds during fall migration
between 24 August and 27 September. During fall migration, they
exhibited three distinct routes across the Atlantic Ocean to reach
the Caribbean: (1) departing from eastern Canada or New England
with a stopover in Bermuda, (2) departing from the mid-Atlantic
coastnear the Carolinas, or (3) continuing south along the coastline
before crossing open water in Florida (Fig. 2B). All individuals
subsequently crossed the Caribbean Sea and made a prolonged
stopover in Venezuela and Colombia before continuing to their
final non-breeding destinations. Fall migration averaged 80 d
(range: 48—121 d) and covered a mean distance of 7800 km (range:
6800-9100 km).

Bobolinks spent the non-breeding season across a broad region
encompassing Bolivia, Paraguay, and Argentina for an average of
141 d (range: 123-163 d). Spring migration commenced between
16 March and 9 May, with individuals departing their non-
breeding grounds and traveling northward. Spring routes largely
overlapped among individuals and were completed in
approximately half the time of fall migration, averaging 40 d
(range: 27-62 d) over 7400 km (range: 6800-9400 km). Birds
arrived at breeding grounds between 8 May and 11 June.

Migratory connectivity

There was no significant spatial correlation between any paired
location period (Mantel test; all p > 0.05; Table 2). Correlation
coefficients ranged from —0.251 to 0.129, indicating weak to
negligible connectivity and some degree of population mixing
across all seasonal transitions. This non-significant spatial
correlation indicates that birds breeding in proximity to one
another did not maintain spatial associations during migration or
on non-breeding grounds (Fig. 2A). Similarly, birds that selected
comparable fall ocean departure regions—Canada to Bermuda,
the mid-Atlantic coast near North Carolina, or the southern route
via Florida—did not necessarily use comparable crossing routes
in the spring (Fig. 2B), nor did they spend the non-breeding season
in proximity to each other in South America. These results indicate
alack of migratory connectivity in our two populations, suggesting
that individuals from both populations followed a diverse but
overlapping set of migratory routes rather than distinct
population-specific pathways.
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Fig. 2. Bobolink migration tracks colored by A) breeding site,
with New York (NY) birds shown in blue and Vermont (VT)
birds shown in orange, and B) ocean-crossing route during fall
migration. Left maps show fall (southward) migration; right
maps show spring (northward) migration. Arrows indicate
migration direction.

Middle (the Carolinas)

— West (Florida)
— East (Bermuda)

—NY Bobolinks
A) VT Bobolinks  B)

Table 2. Mantel correlation coefficients and associated p-values
for spatial relationships between annual cycle stages in Bobolinks
(n=14).

Comparison Correlation p-value
Wintering versus fall ocean 0.129 0.232
Breeding versus wintering —0.036 0.616
Breeding versus fall ocean —0.045 0.619
Breeding versus spring ocean —0.059 0.769
Fall ocean versus spring ocean —0.141 0.791
Wintering versus spring ocean —0.251 0.960

Additionally, route selection was not consistent for the same
individuals across years. Repeat tracking of two individuals
revealed that both birds shifted their fall ocean-crossing routes
between 2022 and 2023. The NY bird transitioned from departing
from the Carolinas in 2022 to a stopover in Florida in 2023 (Fig.
3A), whereas the NY bird exhibited the inverse pattern, crossing
from the Carolinas in 2023 after a stopover in Florida in the
previous year (Fig. 3B).

These year-to-year differences were unlikely to result from
geolocator error. Although fall ocean-crossing journeys generally
occurred around the fall equinox (22 September), when latitude
estimates are unreliable, longitudinal estimates remain accurate
during this period (Lisovski et al. 2020). Longitude is the key axis
differentiating the three migration routes: birds traveling to
Florida showed westward movement, whereas those departing
directly from the Carolinas headed slightly east toward the
Caribbean. The clear, directionally consistent longitudinal shifts
observed between years for the same individuals (Fig. 3) therefore
reflect genuine flexibility in route selection rather than
measurement error.

Fig. 3. Individual variation in ocean-crossing strategies of two
individual Bobolinks tracked in consecutive years. The New York
(NY)-tagged bird is shown on the left, and the Vermont (VT)-
tagged bird is shown on the right. Fall (yellow) and spring
(green) migration routes between years demonstrate flexibility in
trans-Atlantic crossing strategies.

Fall migration track |

A) NY Repeat bird B) VT Repeat bird — Spring migration track 1
40°N

Migration timing

We found no significant differences between NY and VT breeding
Bobolinks in migration timing for either fall or spring season (Fig.
4). In fall, there was greater visual variation in timing, with VT
birds departing earlier and crossing the ocean a week earlier than
NY birds on average, but none of these differences were statistically
significant. Mean (+ SD) departure dates were 6 September + 10.8
d for NY and 31 August * 7.9 d for VT, ocean crossing dates were
1 October * 11.2 d for NY and 24 September * 6.5 d for VT, and
arrival dates at non-breeding grounds were 16 November + 8.4 for
NY and 23 November * 14.8 for VT (Fig. 4, top row).

In spring, migration timing of the two populations highly
overlapped, with NY birds departing their non-breeding ground
on 10 April £ 18.5d and VT birds 11 April £ 13.0d, initiating ocean
crossing on 9 May * 15.9 d for NY and 7 May * 5.3 d for VT, and
arriving at their breeding grounds on 21 May * 12.8 d for NY and
18 May * 4.5 d for VT (Fig. 4, bottom row).

Migratory performance

Only one performance variable in spring migration yielded a
significant result. In fall, we failed to detect any difference in
migratory performance metrics between populations, with mean
total migration duration of 73.7 + 13.3 d for NY and 85.4 £ 16.4
d for VT, number of stopovers of 6.4 + 2.4 for NY and 7.7 £ 2.0
for VT, and average stopover duration of 10.3d £ 2.9 for NY and
9.5%2.0d for VT (Fig. 5, top row).

In spring, overall migration duration was nearly half that of fall
migration, with NY birds taking 42.6 = 12.5 d and VT birds taking
37.3+10.3d. NY birds used 5.1 £ 1.2 stopovers and VT birds used
6.3 * 1.3 stopovers. Average stopover duration differed between
populations, with NY birds stopping for longer periods than VT
birds (NY: 5.9+ 1.8d, VT: 3.9 £ 1.3d; W =41, P =0.041, Fig. 5,
bottom row).
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Fig. 4. Site-level differences in Bobolinks migration timing. Fall
migration timing (top row) and spring migration timing (bottom
row) for seven New York (blue) and seven Vermont (orange)
Bobolinks, showing departure date (left column), ocean-crossing
date (middle column), and arrival date (right column). No
significant differences were detected between sites for any
migration timing metric (P > 0.05 for all comparisons).

Departure Date Ocean Crossing Date Arrival Date

Fall

NY VT NY vT NY vT
lay 06 L Jun 10
QA
o May 06
nnnnn 5 r 29 lay 13
e 2
NY vT NY vT NY vT
Site Site Site
DISCUSSION

Overall, our results showed weak migratory connectivity between
Bobolinks breeding at the two sites, with individuals from both
populations using overlapping migratory routes and multiple
ocean-crossing strategies. We found no evidence that lower breeding
success at the NY site translated into earlier fall migration
departure or broader population-level differences in fall migration
timing. Consistent with our predictions, migration performance,
including migration duration and stopover behavior, was similar
between populations.

Connectivity

As expected, individuals from the two breeding sites mixed
throughout the migration journey, including in their use of three
distinct strategies for crossing the western Atlantic (via Florida, the
Carolinas, or Bermuda). This result reinforces earlier broad-scale
tracking studies showing weak connectivity across the species’
range (Renfrew et al. 2013) and aligns with findings that weak
migratory connectivity is widespread among long-distance
migratory birds (Finch et al. 2017). By partitioning the journey into
segments (pre- and post-ocean crossing), we confirmed that weak
connectivity persists even at finer spatial scales. Birds from the two
populations not only share wintering areas but also mix extensively
during migration itself, as reflected in three different routes selected
to cross the Atlantic Ocean, with individuals from each population
using all three.

Such spatial mixing s likely facilitated by the flexibility in individual
route selection, as observed in the two individuals that used
different routes in 2022 and 2023 (Fig. 3), an adaptive strategy also
observed in other long-distance migrants (Both 2010, Lopez-Lopez
et al. 2014). Birds may prioritize consistent timing over consistent
spatial routes during migration, allowing individuals to adjust to
varying environmental conditions along the way (Vardanis et al.
2011).
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Fig. 5. Site-level differences in Bobolinks migratory
performance. Fall migration (top row) and spring migration
(bottom row) performance metrics for seven New York (blue)
and seven Vermont (orange) Bobolinks, showing total migration
duration (left column), number of stopovers (middle column),
and average stopover duration (right column). Asterisk indicates
significant difference (P < 0.05) for spring average stopover
duration only.

Total Migration Duration Number of Stopovers Avg. Stopover Duration

Fall
Day:
[
Days

NY vT NY vT NY vT

Days

NY VT NY VT NY VT
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Additional support for this pattern comes from Bobolinks
wintering in the Galapagos Islands: low genetic relatedness among
nine individuals sampled suggests they originated from multiple
breeding populations across the eastern portion of the range (Perlut
et al. 2023). This pattern indicates that individuals from the same
breeding population likely follow divergent migratory pathways,
with some individuals selecting the Galapagos as stopover sites,
thereby facilitating extensive population mixing. Collectively, these
findings reinforce previous evidence of the species’ adaptive
migration strategies and consistently weak migratory connectivity
throughout their annual cycle.

Migratory timing

Our results did not support the hypothesis that failed breeders at
NY would advance the onset of fall migration. Therefore, we found
no evidence of carry-over effects from reproductive success to
migration timing. This contrasts with patterns documented in
several migratory species where breeding outcomes influenced
departure timing. For example, experimentally induced nest failure
advanced migration departure in Cory’s Shearwaters (Calonectris
borealis; Catry et al. 2013), whereas later breeding completion
delayed migration onset in Barn Swallows (Hirundo rustica; Imlay
et al. 2021), Hoopoes (Upupa epops; van Wijk et al. 2017), and
Savannah Sparrows (Passerculus sandwichensis; Mitchell et al.
2012)—a species that shares breeding habitat with Bobolinks.

However, the absence of carry-over effects is not without precedent.
Our results parallel findings from Hudsonian Godwits (Limosa
haemastica) and European Rollers (Coracias garrulus), where
breeding outcome did not influence fall migration departure dates
(Senner et al. 2014, Monti et al. 2023). For long-distance migrants
like Hudsonian Godwits and Bobolinks, strong selection pressure
at each migratory stage and the ability to resynchronize timing at
key stopover sites may prevent carry-over effects from being
detected (Senner et al. 2014). Additionally, failed breeders may
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remain on breeding grounds for extended prospecting rather
than departing early. Satellite tracking of our Bobolink
populations revealed that males roam up to 17 km between
grasslands during the breeding season (Wu and Perlut 2026),
consistent with long prospecting movements documented in
European Rollers following nest failure (Monti et al. 2023).
These findings suggest that Bobolinks of the eastern
populations may employ similar strategies, perhaps allocating
post-failure time to prospecting and exploring behavior, which
obscure carry-over effects from breeding outcome.

The absence of population differences in spring migration
timing was expected. Both populations wintered at similar
latitudes in South America (Fig. 2), and the ~280 km latitudinal
difference between breeding sites represents only a small fraction
of the total ~7000 km migration distance. Consequently, VT
and NY birds likely departed wintering grounds at similar times
and maintained similar migration schedules, with VT birds
simply extending their final flight to reach their more northern
breeding destination. This resulted in overlapping spring arrival
times at both sites. Notably, spring migration duration was
substantially shorter than fall migration, with birds completing
the northbound journey in approximately half the time (Fig. 4).
This pattern is consistent with the breeding urgency hypothesis,
which reflects that spring migrants prioritize time-minimization
to secure breeding territories and mates, whereas fall migrants
face relaxed time constraints and may optimize for energy
conservation or other factors (Nilsson et al. 2013, Schmaljohann
and Eikenaar 2017).

Several methodological limitations may have influenced our
results and warrant consideration. First, we used population-
level breeding success rates rather than individual breeding
outcomes. In VT, locating nests for all tagged individuals after
banding was extremely difficult given the large population size
(> 100 pairs). In NY, although we found all initial nests in our
small study area, we could not track individuals that switched
breeding sites following nest failure, as geolocators lack real-
time tracking capability. Although second broods occur at low
rates, they are certainly possible (Renfrew et al. 2020).
Consequently, some VT birds may have experienced nest failure,
whereas some NY birds may have relocated to unmonitored
grassland patches and successfully fledged subsequent nests.
The visually larger spread of fall departure dates in NY
compared to VT (Fig. 4) may reflect this heterogeneity in
individual breeding outcomes. Without data on individual-level
breeding outcomes—including timing of nest failure, renesting
attempts, and final fledging dates—comparisons based on
population-average success rates likely obscured individual
variation in breeding completion timing.

Second, our small sample size (n = 7 per population) limited
statistical power to detect population-level differences. Given
this small sample, even a single misclassified individual—for
example, one NY bird that successfully renested—could
substantially obscure population-level patterns in departure
timing. Future studies with a larger sample size, individual-level
differences in breeding success, and perhaps across more study
sites with higher precision tracking technology are necessary to
further test if carry-over effect exist in this species.
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Migratory performance

The only significant difference we observed in migration
performance between populations occurred during spring, when
NY birds exhibited longer average stopover durations than VT
birds. This may reflect potential differences in how birds
allocated time during migration. This behavioral adjustment
could support the broader logic that higher-latitude birds face
greater time constraints—but highlights that such urgency may
manifest not in when migration begins, but in how the birds
balance flying and resting (Alerstam 2011, Schmaljohann and
Both 2017). These differences in migration strategies suggest
Bobolinks may adjust their migratory behaviors in response to
breeding destination constraints, although the mechanisms
driving these adjustments, whether they represent individual
flexibility, responses to current conditions, or population-level
tendencies, remain to be fully elucidated.

However, given our small sample size and multiple tests
conducted for each migration season, this single significant
result among six migration parameters tested should be
interpreted cautiously, as it could represent a Type I error rather
than a true biological pattern (Forstmeier et al. 2017). The
absence of differences in most migration parameters between
our study populations suggests that our hypothesis was
supported, at this spatial scale: that breeding habitat
characteristics exert limited influence on migration
performance. Collectively, these findings suggest that migratory
performance varied substantially amongindividuals but showed
limited differentiation between the two breeding populations.

It is also important to note that, as with all geolocator studies,
our results represent only individuals that survived their annual
migration, returned to the breeding site, and were recaptured by
us (Bridge et al. 2011, Catry et al. 2013). Our dataset therefore
underrepresents individuals whose migration strategies were less
effective or who experienced higher mortality during migration.
For example, if low-quality breeding habitat led to delayed
breeding completion through renesting attempts that in turn
reduced survival during migration, our failure to detect carry-
over effects may partially reflect the selective loss of individuals
most affected by habitat constraints rather than the true absence
of such effects.

Conservation implications

Our findings confirmed weak migratory connectivity within
populations of Bobolinks on the eastern portion of their
breeding range, even when considering individual-level
differences in migration route selection. This weak connectivity
reinforces the need for broad-scale habitat protection across the
entire migratory and wintering range to effectively conserve this
declining grassland species (Renfrew et al. 2013, Finch et al.
2017). This protection should encompass preserving grassland
stopover habitats along major flyways, establishing protected
corridors through agricultural landscapes in both North and
South America, and implementing sustainable land
management practices in key wintering regions of Bolivia,
Paraguay, and Argentina. With individuals from different
breeding areas following overlapping routes and sharing
wintering grounds, localized threats in non-breeding regions
could simultaneously impact the entire species’ population
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(Finch et al. 2017). This extensive mixing underscores the need
for international conservation efforts that transcend political
boundaries.
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Appendix 2.

### Goal: Mantel test for Migratory Connectivity Analysis

### Input: 2_Connectivity_Data.csv

### Input includes: Breeding location (b_lat and b_lon), wintering location (w_lat and w_lon)
HiHt Ocean crossing location in fall (o_lat_f and o_lon_f), and Ocean crossing location in
HiHt spring (o_lat_s and o_lon_s)

### Output: Table 2

# Load required libraries
library(dplyr)
library(vegan)
library(geosphere)

library(ade4)

# Set working directory and load data

data <- read.csv("2_Connectivity_Data.csv")

# Function to create distance matrix in ade4-compatible format
create_ade4_dist <- function(coords) {
dist_matrix <- distm(coords, fun = distHaversine) / 1000 # Convert to km

as.dist(dist_matrix) # Convert to distance object

H##t#---- Section 1: Define all distance matrices ----
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# Breeding locations distance matrix
breeding_coords <- data[, c("b_lon", "b_lat")]

breeding_dist <- create_ade4_dist(breeding_coords)

# Wintering locations distance matrix
wintering_coords <- data[, ¢("w_lon", "w_lat")]

wintering_dist <- create_ade4_dist(wintering_coords)

# Fall ocean crossing distance matrix
fall_ocean_coords <- datal, c("o_lon_f", "o_lat_f")]

fall_ocean_dist <- create_ade4_dist(fall_ocean_coords)

# Spring ocean crossing distance matrix
spring_ocean_coords <- data[, ¢("o_lon_s", "o_lat_s")]

spring_ocean_dist <- create_ade4_dist(spring_ocean_coords)

H###---- Section 2: Run all pairwise Mantel tests (6 pairs) -----

# Test 1: Breeding Locations vs. Wintering Locations
mantel_result_1 <- mantel.rtest(breeding_dist, wintering_dist, nrepet = 999)
cat("\n1. Breeding vs Wintering:\n")

print(mantel_result_1)

# Test 2: Breeding Locations vs. Fall Ocean Crossing Locations
mantel_result_2 <- mantel.rtest(breeding_dist, fall_ocean_dist, nrepet = 999)

cat("\n2. Breeding vs Fall Ocean Crossing:\n")



print(mantel_result_2)

# Test 3: Breeding Locations vs. Spring Ocean Crossing Locations
mantel_result_3 <- mantel.rtest(breeding_dist, spring_ocean_dist, nrepet = 999)
cat("\n3. Breeding vs Spring Ocean Crossing:\n")

print(mantel_result_3)

# Test 4: Wintering Locations vs. Fall Ocean Crossing Locations
mantel_result_4 <- mantel.rtest(wintering_dist, fall_ocean_dist, nrepet = 999)
cat("\n4. Wintering vs Fall Ocean Crossing:\n")

print(mantel_result_4)

# Test 5: Wintering Locations vs. Spring Ocean Crossing Locations
mantel_result_5 <- mantel.rtest(wintering_dist, spring_ocean_dist, nrepet = 999)
cat("\n5. Wintering vs Spring Ocean Crossing:\n")

print(mantel_result_5)

# Test 6: Fall Ocean Crossing vs. Spring Ocean Crossing Locations
mantel_result_6 <- mantel.rtest(fall_ocean_dist, spring_ocean_dist, nrepet = 999)
cat("\n6. Fall Ocean Crossing vs Spring Ocean Crossing:\n")

print(mantel_result_6)

H## --- Section 3: Summary of results ----

results_summary <- data.frame(

Comparison = c("Breeding vs Wintering",



"Breeding vs Fall Ocean",
"Breeding vs Spring Ocean",
"Wintering vs Fall Ocean",
"Wintering vs Spring Ocean",
"Fall Ocean vs Spring Ocean"),
Correlation = c(mantel_result_1Sobs,
mantel_result_2Sobs,
mantel_result_3Sobs,
mantel_result_4Sobs,
mantel_result_5Sobs,
mantel_result_6Sobs),
P_value = c(mantel_result_1Spvalue,
mantel_result_2Spvalue,
mantel_result_3Spvalue,
mantel_result_4Spvalue,
mantel_result_5Spvalue,

mantel_result_6Spvalue)

# Order by correlation strength

results_summary <- results_summary[order(results_summarySCorrelation, decreasing = TRUE),

]

cat("\nSummary of Mantel test results (ordered by correlation strength):\n")

print(results_summary)
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Appendix 4. Performance code.

### Goal: Comparing migratory performance between two populations
### Input: 4_Performance_Data.csv

### Input includes: Three migration timing variable: Departure Date(F.D.Day for fall and S.D.Day

for spring),

HiHt Ocean Crossing Date (F/S.Ocean.Day), Arrival Date (F/S.A.Day); Three performance
varaibles:

HitH Total migration duration in days(F/S.Duration), Number of stopovers used in

number(F/S.ST.num), and average
HiHt stopover duration (F/S.avg.ST.Duration).

### Output: Figure 4, Figure 5.

Geo_data <- read.csv("4_Performance_Data.csv")

library(dplyr)

# Get descriptive statistics
desc_stats <- Geo_data %>%
group_by(Site) %>%
summarise(
# Sample size

n=n(),

# Fall Timing


https://journal.afonet.org/vol97/iss3/art4/

F.D.Day_mean = mean(F.D.Day, na.rm = TRUE),
F.D.Day_sd = sd(F.D.Day, na.rm = TRUE),
F.Ocean.Day_mean = mean(F.Ocean.Day, na.rm = TRUE),
F.Ocean.Day_sd = sd(F.Ocean.Day, na.rm = TRUE),
F.A.Day_mean = mean(F.A.Day, na.rm = TRUE),

F.A.Day_sd = sd(F.A.Day, na.rm = TRUE),

# Spring Timing

S.D.Day_mean = mean(S.D.Day, na.rm = TRUE),
S.D.Day_sd =sd(S.D.Day, na.rm = TRUE),
S.Ocean.Day_mean = mean(S.Ocean.Day, na.rm = TRUE),
S.Ocean.Day_sd = sd(S.Ocean.Day, na.rm = TRUE),
S.A.Day_mean = mean(S.A.Day, na.rm = TRUE),

S.A.Day_sd = sd(S.A.Day, na.rm = TRUE),

# Fall Performance

F.Duration_mean = mean(F.Duration, na.rm = TRUE),
F.Duration_sd = sd(F.Duration, na.rm = TRUE),

F.ST.num_mean = mean(F.ST.num, na.rm = TRUE),

F.ST.num_sd = sd(F.ST.num, na.rm = TRUE),
F.avg.ST.Duration_mean = mean(F.avg.ST.Duration, na.rm = TRUE),

F.avg.ST.Duration_sd = sd(F.avg.ST.Duration, na.rm = TRUE),

# Spring Performance
S.Duration_mean = mean(S.Duration, na.rm = TRUE),

S.Duration_sd = sd(S.Duration, na.rm = TRUE),



S.ST.num_mean = mean(S.ST.num, na.rm = TRUE),
S.ST.num_sd = sd(S.ST.num, na.rm = TRUE),
S.avg.ST.Duration_mean = mean(S.avg.ST.Duration, na.rm = TRUE),

S.avg.ST.Duration_sd = sd(S.avg.ST.Duration, na.rm = TRUE)

print(desc_stats)

# Run all Mann-Whitney tests and create summary table
run_nonparametric_tests <- function(data) {
variables <- c("F.D.Day", "F.Ocean.Day", "F.A.Day",
"S.D.Day", "S.Ocean.Day", "S.A.Day",

"F.Duration", "F.ST.num", "F.avg.ST.Duration",

"S.Duration", "S.ST.num", "S.avg.ST.Duration")

variable_names <- c("Fall Departure", "Fall Ocean Crossing", "Fall Arrival",
"Spring Departure", "Spring Ocean Crossing", "Spring Arrival",
"Fall Duration", "Fall # Stopovers", "Fall Avg Stopover Duration”,

"Spring Duration", "Spring # Stopovers", "Spring Avg Stopover Duration")

results <- data.frame(
Metric = variable_names,
Variable = variables,
W_ statistic = NA,

p_value = NA



for(i in 1:length(variables)) {
var <- variablesJi]

formula <- as.formula(paste(var, "~ Site"))

# Mann-Whitney U test
test <- wilcox.test(formula, data = data)
resultsSW_statistic[i] <- testSstatistic

resultsSp_value[i] <- testSp.value

return(results)

# Run all tests
test_results <- run_nonparametric_tests(Geo_data)

print(test_results)
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Appendix 7. GIS_Result. CG212
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Appendix 8. GIS_Result. CG220



https://journal.afonet.org/vol97/iss3/art4/
https://journal.afonet.org/836/appendix8.csv
https://journal.afonet.org/836/appendix8.csv

Journal of Field Ornithology 97(3): 4
https://journal.afonet.or 197/i; rt4,

Appendix 9. GIS_Result. CG221
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Appendix 10. GIS_Result. CG226
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Appendix 13. GIS_Result.CG236
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Appendix 14. GIS_Result. CM650
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Appendix 15. GIS_Result. CM653
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Appendix 16. GIS_Result. CM656
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Appendix 17. GIS_Result. CM666
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Appendix 18. GIS_Result. CM669
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