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Abstract

Background
Stopover is a critical stage of migration during which birds rest and refuel between bouts of active flight.
Many migratory bird species may use the same high-quality sites during post-breeding migration, thus
competition for the resources needed to sustain migration may be intense. Species may reduce this
competition by partitioning their use of space, time, or habitat during stopover.

Methods
We deployed radio nanotags on individuals of five bird species during post-breeding migration and used
high-resolution telemetry tracking to track movements at a stopover site. We examined species-specific
partitioning across three axes, including: movement behaviour (space), daily activity (time), and fine-
scale habitat use (habitat) during the stopover period.

Results
Across species, individuals generally exhibited similar highly localized movements typical of restricted
spatial activity during intensive foraging. An aerial insect forager (Blue-headed Vireo) had a much shorter
daily activity period followed by other insectivores (warblers) and then omnivores (thrush and sparrow).
Habitat use was best explained by vegetation characteristics at the smallest spatial scale considered
(25 m) with species responding differently to canopy height, structural heterogeneity, and forest cover.

Conclusion
These patterns indicate that while migratory passerines share broadly similar spatial movement
strategies during stopover, niche partitioning occurs in activity timing and microhabitat preferences. We
show the importance of heterogeneity in forest cover and structure and suggest the conservation of this
under-recognized habitat for birds during the critical migratory period.

Background
Stopovers, defined as an interruption of migratory endurance flight to minimize immediate and/or delayed
fitness cost [1], are the dominant and yet still poorly understood periods of time in the migration process,
when birds stop to rest and refuel at largely unknown and unexperienced locations for varying amounts
of time [2]. This usually includes a first search and settle period [3] followed by more targeted
movements when habitat is selected to favour specific habitat characteristics and to maximize refueling
potential. Stopover home range size, local movements, daily activity, and habitat associations are a

Page 2/19



function of multiple factors, including species, season, climate, individual conditions, and site conditions,
and are expected to differ from the far better-known breeding season ecology [2, 4, 5].

As birds settle across the landscape for stopover events during migration, factors at multiple scales
influence spatial decisions, leading to a hierarchical decision-making process [2, 6, 7]. Migration
pathways are dictated by geographic features (mountains, waterways and waterbodies, etc.) which
distribute birds unequally across the landscape. Such barriers, along with anthropogenic drivers such as
artificial light at night (ALAN) influence large-scale bird movements and spatial distribution of stopover
hotspots [8, 9]. Once birds broadly settle into an area for migratory stopover, less is known about finer-
scale habitat associations and movements. Migratory birds present a higher plasticity in their habitat
choices during migration stopovers than during the breeding period [10], meaning that their habitat use
during migration may differ from their better-known breeding habitat associations.

One, if not the most, important constraint during migration for birds is to acquire enough food to meet
energetic requirements, particularly for long-distance migrants [2, 4, 5]. Food requirements and energetic
conditions may drive small-scale habitat selection [11], foraging behaviours [12, 13], and movements
[11]. As many migratory bird species may use the same high-quality sites during post-breeding migration
in early autumn, competition for the resources needed to sustain migration can be intense and may
influence refueling success [14, 15]. Species may reduce competition by partitioning their use of space,
time, or habitat [16–19]. While such “Hutchinsonian” niche partitioning has been widely demonstrated in
resident taxa with knowledge of the distribution of resources, such as breeding warblers, it is unclear if
partitioning commonly occurs during brief visits to novel habitats, such as migration stopovers for
passerines (in shorebirds see Bellefontaine and Hamilton 2023[20]). In autumn, when migratory
populations swell to include juvenile birds and thus increase interspecific competition, many species of
insectivorous, granivorous and frugivorous songbirds coexist for days to weeks at stopover sites. Dietary
plasticity, and even foraging plasticity [21], is frequent and widespread in landbirds during migration [22].
Thus, niche partitioning likely happens in other dimensions than diet, such as space, time or
microhabitat.

To develop comprehensive conservation planning for migratory birds we need a better understanding of
habitat relationships and stopover ecology [23]. While recent technological advances have catalyzed
significant advances to our understanding of migratory flight [5, 24], our understanding of the stopover
period has advanced much less [1]. Current knowledge of stopover is mainly based on the proximate
study of departure decisions [1]. Our overall aim was to quantify stopover movement, activity, and habitat
use for migratory birds during fall stopover and identify associations with intrinsic (i.e., species’ ecology
and individual condition) and extrinsic (seasonality, time to departure) factors. To do so, we used two
years of fall stopover data on telemetry tracked individuals of several migratory species with differing
natural histories and biology (i.e., diet, migration strategy, size) in a peri-urban green space of one of
Canada’s largest cities. For the billions of songbirds that migrate southward from the boreal forest each
fall, the cities in southern Canada are the first human barrier they encounter, including those that are
funneled through the ‘Montreal Gap’ between the Great Lakes and the Gulf of the St. Lawrence. Our
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objectives were to: (1) quantify individual migratory bird movement during stopover to compare across
species and individual condition/timing, (2) compare species-specific daily activity from telemetry-
tracked individuals and explore activity trends across seasonality and stopover duration, and (3) identify
species-specific habitat associations during fall stopover. We predicted that leaner individuals would
have higher average movement rates as they searched for food [11] and that individuals with longer
stopovers would have lower average movement rates as once they settled into an optimal area they
would remain there. We also predicted that daily activity would start earlier and end later for frugivore
species than for insectivorous species that may be constrained to foraging during times when insects
are active [25, 26]. Lastly, we predicted a unimodal relationship with forest cover and canopy height (i.e.,
lower use when forest cover/canopy height is very low or very high) and a positive relationship with
canopy structural heterogeneity across most species [23, 27, 28].

Methods

Radio-tagging and tracking migratory birds during post-
breeding migration
The study took place on the western tip of the island of Montreal (45.43◦N, 73.94◦W; ~3.75 million
people in Montreal) at the McGill Bird Observatory (MBO), within a peri-urban green space characterized
by a mix of shrubland, mature deciduous forests, hawthorn tracts, sumac stands, small wetlands, and an
old apple orchard [29]. The site is an important stopover site for several migratory birds [30], including
neotropical moult migrants [27, 31–33]. We focused on five different species of migratory birds that
were commonly captured during post-breeding migration and represented a suite of ecological traits
(Table S1): Blue-headed Vireo (Vireo solitarius), Hermit Thrush (Catharus guttatus), Magnolia Warbler
(Setophaga magnolia), Yellow-rumped (Myrtle) Warbler (S. coronata), and Song Sparrow (Melospiza
melodia). Birds were captured and radio-tagged at the MBO during their 2022–2023 fall migration
monitoring period (1 August – 7 November). The radio-tags used were Lotek VHF nanotags (registered
with the Motus Wildlife Tracking System) and each of the tags operated on the same frequency of
166.380 MHz and emitted a unique digital code to allow us to uniquely identify the individual. Birds were
captured using 30 mm mist nets and banded with numbered aluminum leg bands. Tags were attached to
each bird using a figure eight leg-loop harness made from nylon-elastic thread [34]. Standard banding
measurements were taken, including: sex, age based on plumage and skull ossification, mass, fat, and
wing chord length. Birds were identified, aged, and sexed by experienced banders using the identification
guide by Pyle et al. (1997)[35]. Birds were banded under Animal Use Protocol 2007–5447 from McGill
University, radio-tagged under Animal Use Protocol 22BF01 and 23BF01 from Environment and Climate
Change Canada, and federal banding permits 10743B and 10743T issued by the Canadian Wildlife
Service.

Tag burst rate varied among the species, ranging from ~ 4.3 s for Hermit Thrush to ~ 14.9 s for Magnolia
Warblers. Due to smaller birds being constrained using smaller tags with shorter battery lives, longer
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burst intervals were employed to allow for maximal battery life while still allowing for hand-held tracking.
Tags were detected by an array of permanent and ‘pop-up’ Motus automated telemetry towers, including
at the MBO (45.4307◦N, − 73.9385◦W), at the McGill University Macdonald Campus (45.4079◦N, − 
73.939◦W), at the Bois-de-la-Roche nature park (45.4403◦N, − 73.9407◦W), and in a suburban area to the
south of the study site (45.4109◦N, − 73.9301◦W). While detections at the towers allowed us to identify
bird departures from the site and (when detected) provided some information of bird movements and
general locations (i.e., which antenna direction of strongest signal), they did not provide robust location
data. For this we used daily manual tracking starting the day after the bird’s initial capture and tagging,
until the bird was confirmed to have departed from the site or was not detected either by the towers or
through manual tracking for > 5 days. Using a 3-element Yagi and a receiver (Lotek SRX 800 or Lotek SRX
1200) tagged birds were tracked and their daily locations were recorded as a GPS point when the signal
was at least 130 dB (Lotek SRX 800) or 200 dB (Lotek SRX 1200) at a gain (precision) between 9 and 40
dB.

Quantifying individual movements from tracking data
We quantified individual bird movement from tracking data by calculating the median step length
(distance between subsequent tracked locations), net displacement (the shortest straight-line distance
between starting and final tracked position), and cumulative distance (sum of all step lengths for tracked
locations of an individual). From this we also quantified a straightness index, defined as net
displacement divided by the cumulative distance [36, 37]. We compared median step length and
straightness index resulting from telemetry tracking data across the five study species using Kruskal-
Wallis tests. We also used a general additive model (GAM) to model individual straightness index as a
function of stopover length and fuel load on arrival, and a general additive mixed model (GAMM) to
model individual step lengths as a function of stopover length and fuel load of arrival, accounting for
individual variation as a random effect. See Supplementary Information for details on stopover length
and fuel load calculations.

Change point activity analysis
The onset and end time of diel activity were determined using radio telemetry data collected by the
Motus station deployed at the McGill Bird Observatory (MBO). Proximity to receiving antenna, transmitter
orientation, and environmental obstructions can affect received signal strength, causing high signal
strength variation when a tagged individual is active and low signal strength variation during periods of
inactivity. Changes in signal strength variation can then be used to determine when a bird becomes
active in the morning and quiescent in the evening. Following Morbey et al. (2020), we applied change
point analysis to extract the time of activity onset and end based on the characteristic increase and
decrease of signal variation respectively. Change points in signal variation were determined using the
package “changepoint” [39], for the six-hour period centered on local sunrise for activity onset and
sunset for activity end. Sunrise and sunset times were determined for the study site using the function
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getSunlightTimes in the suncalc package [40]. For further details on change point extraction methods
see Supplemental Information.

To test for differences among the five species for onset and end activity change points we used GAMMs,
including (1) species as a categorical fixed effect, (2) species-specific smooth term of days until
departure as a measure of proximity to migration departure and (3) day of year (DOY) to account for
seasonal trends independent of departure timing in activity rates. To account for individual variation, we
included bird ID as a random effect. Onset and end activity models were checked for concurvity between
smooth predictor variables, checked that models met assumptions using the DHARMa package [41] and
tested model fit using the Hosmer-Lemeshow test from the ResourceSelection package [42]. We
compared estimated marginal means of both onset and end of activity among species using Tukey-
adjusted pairwise comparisons using the eemmeans package [43].

Resource selection function during post-breeding migration
We compared ‘used’ vs. available’ habitat using a resource selection function (RSF) for all tracked
locations during the fall stopover period for four of the five focal species. We omitted the Song Sparrow
from the analysis as a large number of individuals moved to an adjacent agricultural areas which we
found was not well characterized by the habitat layers used. To build our model we extracted spatially
available data including: mean and standard deviation (SD) of vegetation height (1 m resolution) from
OpenForest [44], and both high (> 3 m) and low (< 3 m) vegetation layers (1 m resolution) from the 2023
Indice Canopée Metropolitan [45]. Unused locations were derived at a 1:5 ratio by creating random
locations within 300 m of the used location at a random angle and distance. We extracted data at four
buffers (25m, 50m, 100m, 200m) and first ran a scale of effect sensitivity analysis using general linear
mixed effect models (GLMMs) on all four predictor variables and species as a random effect to inform a
data driven spatial scale for the RSF. We checked for collinearity using Variance Inflation Factor (VIF;
variables with VIF values > 10 were considered to have problematic collinearity and were removed)
among predictor variables. We ranked the models using Akaike’s Information Criterion for small sample
size (AICc) to determine the data-driven scale of effect [46].

Once the scale of effect was determined, we ran species-specific RSF models with habitat predictors
using General Additive Models (GAMs) as we had no a priori expectations of linear effects. After
checking for concurvity, we ran species-specific Generalized Additive Mixed-effect Models (GAMMs)
including individuals as random effects. Random variance for individuals collapsed to zero variance
indicating no detectable among-individual variation in baseline selection, therefore final models were fit
without individual-level random effects. We ensured models met with all assumptions using the
DHARMa package [41] and tested model fit using the Hosmer-Lemeshow test from the
ResourceSelection package [42]. We considered α = 0.05 as significant and α = 0.1 as marginally
significant.
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Results

Individual movement from tracked birds differs marginally
between species
Over the 2022–2023 post-breeding migration period 101 individual birds were tracked to 704 individual
locations. This included five Blue-headed Vireos (25 locations), 42 Hermit Thrushes (356 locations), 18
Magnolia Warblers (99 locations), 22 Yellow-rumped Warblers (108 locations), and 14 Song Sparrows
(110 locations). Overall, all tracked migratory birds showed evidence of tortuous, localized movement
during fall stopover with a mean straightness index of 0.30 (± 0.03 SE). Straightness index did not vary
across species (Kruskal-Wallis chi-squared = 4.78, p-value = 0.31, Fig. S1). Likewise, straightness index
did not significantly differ across species-specific stopover lengths (p = 0.23–0.82 depending on
species) or fuel load (p = 0.23) on arrival. The median step length between tracked displacements of
migratory birds during stopover varied marginally among species (Kruskal-Wallis chi-squared = 8.79, p-
value = 0.06; Fig. S2). Step distance as a function of stopover length was significant for Blue-headed
Vireo (p = 0.04), Yellow-rumped Warbler (p < 0.01), and Song Sparrow (p < 0.01), and generally showed
smaller step lengths with longer stopovers (Fig. 1) when accounting for individual differences (deviance
explained = 25.7%). As with the straightness index, fuel load on arrival was not significantly related to
step length (p = 0.51)

Timing of daily activity differs significantly between species
A total of 734 activity onset changepoints were extracted for 86 individuals and 697 activity end
changepoints were extracted for 95 individuals. Total number of individuals, changepoints, and timing of
activity is outlined in Table S2. Both daily onset and end activity GAMMs met model assumptions,
showed good fit and did not show concurvity between predictor variables. The onset of daily activity
relative to sunrise differed significantly among species. Average activity for Blue-headed Vireo began ~ 
15 minutes after sunrise, significantly later than Hermit Thrush (β = −42.23 ± 9.92 SE, p < 0.001),
Magnolia Warbler (β = −39.45 ± 16.16 SE, p = 0.015), Yellow-rumped Warbler (β = −31.07 ± 10.24 SE, p = 
0.003), and Song Sparrow (β = −38.85 ± 10.36 SE, p < 0.001), which all began activity before sunrise
(Fig. 2A). Among the other four species most pairwise differences were non-significant except for
Yellow-rumped Warbler and Hermit Thrush, with the latter having the earliest onset morning activity of all
species (Fig. 2A). The relationship between activity onset and days to departure differed among species,
with a significant effect only detected for Hermit Thrush (edf = 1.00, F = 4.44, p = 0.036), with activity
onset growing earlier as departure approached (Fig S3). There was also a significant nonlinear seasonal
effect of day of year (edf = 4.84, F = 3.24, p = 0.033), with the onset of morning activity growing later in
the season (Fig. S4). The model explained a modest proportion of the variance in activity onset (adjusted
R² = 0.125; n = 559).
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The timing of the end of the daily activity period relative to sunrise differed significantly among the five
focal species. Compared to Blue-headed Vireo (which ended activity ~ 49 minutes before sunset),
activity ended later in all other species: Hermit Thrush (β = 58.07 ± 6.78 SE, p < 0.001), Magnolia Warbler
(β = 55.42 ± 11.84 SE, p < 0.001), Yellow-rumped Warbler (β = 54.31 ± 6.99 SE, p < 0.001), and Song
Sparrow (β = 68.61 ± 7.31 SE, p < 0.001). Pairwise comparisons of estimated marginal means indicated
that all other species ended their activity significantly later than Blue-headed Vireos, with Song Sparrows
ending activity latest, and Magnolia Warbler, Yellow-rumped Warbler, and Hermit Thrush being
intermediates (Fig. 2B) Species-specific relationships between end of activity and days to departure from
the stopover site were generally weak. Only the Blue-headed Vireo showed a significant effect (edf = 1, F 
= 6.13, p = 0.014), indicating a linear change in activity ending earlier as departure approached (Fig. S5).
Unlike activity onset, there was no evidence of a strong seasonal effect independent of departure timing
(p = 0.23). Overall, the model explained a moderate proportion of variation in activity end (adjusted R² =
0.266; n = 629), indicating that timing of end-of-day activity varied primarily by species, while temporal
effects related to departure or season were minor.

Migratory bird habitat use during stopover
Across all species, the smallest spatial scale (25 m) showed by far the strongest fit to the data (77 AICc
unit difference to the next spatial scale of 50 m). Response to habitat covariates varied among species.
Hermit Thrush showed strong nonlinear responses to both mean canopy height (edf = 3.90, p < 0.001)
and canopy height SD (edf = 3.80, p < 0.001), with a weaker but significant forest cover (edf = 2.78, p = 
0.013). Generally, predicted habitat use probabilities for Hermit Thrush showed a preference for areas
with mean canopy height of 5–20 m, increases in use with canopy height heterogeneity, and decreases
in habitat use when forest cover increased beyond 50% (Fig. 3). Yellow-rumped Warbler habitat use was
not associated with mean canopy height but exhibited significant nonlinear effects of canopy height SD
(edf = 3.88, p = 0.005) and forest cover (edf = 3.24, p = 0.007). Predicted habitat use for Yellow-rumped
Warbler demonstrated a preference for areas with greater canopy height homogeneity (lower SD) and
peak use around 75% forest cover (Fig. 3). For Magnolia Warbler, probability of use was significantly
influenced by mean canopy height (edf = 2.35, p = 0.025) and forest cover (edf = 3.29, p = 0.007), while
canopy heterogeneity was not significant. Predicted habitat use for Magnolia Warblers demonstrated a
preference for areas with 50% forest cover, and decreasing preference when mean canopy height was > 
20 m (Fig. 3). In contrast, Blue-headed Vireo exhibited only marginally (α = 0.1) supported effects of
canopy height heterogeneity (edf = 3.83, p = 0.058) and forest cover (edf = 3.72, p = 0.063), with no
significant response to mean canopy cover (Fig. S6). Deviance explained varied among species, from
10.3% for Magnolia Warbler to 20.4% for Blue-headed Vireo, with intermediate values for the other
species. Overall, patterns suggest that migratory passerines differ in the relative importance of canopy
height and forest during fall stopover, with some species (Hermit Thrush) responding strongly to both
forest cover and structural complexity, whereas others (Yellow-rumped Warbler, Magnolia Warbler)
showed more selective or weaker responses.
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Discussion
We found evidence of clear niche partitioning across two axes (time and microhabitat) across a suite of
migratory bird species during post-breeding stopover in a large peri-urban green space. Individual
movements were localized and tortuous with variation driven by extrinsic rather than intrinsic factors,
with limited differences between species. Temporal activity (morning onset and evening cessation)
patterns differed strongly among species, with larger differences for evening cessation of activities
suggesting late-day constraints are a stronger influence of temporal niche differentiation. Habitat use
during fall stopover occurred at the finest spatial scale considered (25 m), with species-specific
responses to vegetation structure and forest cover. Thus, despite the large number of individual migrants
of multiple species funnelling through limited stopover sites near a large urban center just south of the
boreal ecozone, interspecific competition may be limited by niche partitioning in activity periods and
microhabitats.

Localized movements during stopover similar across
species but differ with stopover duration
Movement patterns across all species of migratory birds in our study indicated higher tortuosity for
primarily localized exploratory movements typical of refueling stopover events. This behaviour likely
reflects a strategy to maximize foraging efficiency and maximizing energy intake while minimizing
energy output and possible predation risk [1, 3, 4]. Despite differences in the foraging ecology
(insectivorous vs. frugivores vs. granivores) and migration strategies (short vs. medium vs. long-
distance migrants), general movements (quantified using the straightness index) varied only marginally
between species and did not significantly differ overall. This suggests that general factors such as
resource distribution and habitat structure may play a stronger role in driving movement than species-
specific ecology, leading to basic spatial movement being broadly similar among migratory passerines
occupying the same landscape. Despite not being statistically different, Magnolia Warbler (long-distance
migrant) had the highest straightness index and demonstrated more linear movements compared to the
other species. Longer-distance migrants are under higher pressure to minimize total migration time to
cover larger distances, and as such employ a ‘time-minimization’ strategy that requires faster refueling,
sometimes leading to higher movements to locate food resources [47, 48].

Our findings support our prediction that individual movements of migratory birds may change across the
course of the stopover duration, with three of the five species (Blue-headed Vireo, Yellow-rumped
Warbler, and Song Sparrow) demonstrating shorter displacements with longer stopovers. These patterns
may reflect behavioural adjustments during the stopover period, with earlier exploration leading to higher
movements, and the longer an individual stays during stopover movements become more focused and
restricted. Similar trends have been observed in some of the few studies where individual migrants have
been tracked during stopover. Tracked Ovenbirds (Seiurus aurocapilla) during spring and fall migration at
a large urban park in New York City, USA found that linearity (i.e., straightness) indices and displacement
distances were significantly lower beyond the fourth day of stopover [49]. Similar trends were found
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during spring stopovers for Wilson’s Warblers (Cardellina pusilla) in Arizona, USA with linear
displacement dropping after two days [50]. Unlike our predictions, fuel load on arrival was not
significantly related to either movement patterns we measured [11, 51].

Species-specific diel activity patterns may be related to
foraging niche
In contrast to daily movement, diel activity patterns differed strongly among species. While species
varied in both activity onset and cessation, differences were larger during cessation, suggesting that
late-day constraints (e.g., low-light foraging or risk tolerance) may be a stronger influence of niche
differentiation. Most species initiated activity before sunrise (15–28 minutes before sunrise; Table S2),
with Hermit Thrush starting the earliest while Blue-headed Vireos began activity later than all other
species (12 minutes after sunrise; Table S2). Similarly, with Blue-headed Vireos consistently ended their
daily activity earlier than the other species, with activity ending before sunset while most species
continued until just after sunset (4–11 minutes after sunset; Table S2), with Song Sparrows remaining
active latest into the evening (17 minutes after sunset; Table S2). Activity differences among species are
likely related to the variation in availability of food resources (frugivores vs. insectivores) and site-
specific stopover timing [52]. Earlier activity could be related to locating and securing a foraging patch
[53], which may be a stronger driver for birds consuming non-mobile food resources such as fruit or
seeds. We see evidence of this in our study, with Hermit Thrush (frugivore) and Song Sparrow (granivore)
being the two species with the earliest diel activity onset. Insect activity especially for aerial insects
increases with warmer temperatures [25, 26], which may occur later in the morning during the fall. This
may explain later starts by insectivorous species, such as the two warbler species and the Blue-headed
Vireo, seen in our study. Compared to the more active foraging gleaning warbler species [54, 55], the
Blue-headed Vireo foraging is slow and methodical and often includes aerial flight to capture prey [56].
This additional constraint of visual acuity needed for foraging may explain the species shorter diel
activity.

While species-specific differences were the strongest factor influencing temporal niche width during
migratory bird stopovers in our study, activity onset (Hermit Thrush) and cessation (Blue-headed Vireo)
were earlier as departure approached. This pattern may indicate increasing foraging effort prior to
migratory departure, as individuals attempt to maximize fuel stores before resuming migration or
engaging in short pre-migratory flights aloft to assess suitability for departure [52]. However, species
may vary in their changes in diel activity in proximity to departure, with some species ending earlier and
others later than normal [38]. While the functional significance of the behaviour change is impossible to
determine from the telemetry-derived activity data, it does suggest individuals may engage in
preparatory behaviour prior to migratory flight and departure from a stopover site [38]

Migratory birds fine-scale habitat use of intermediate
forest cover and structural heterogeneity during fall
stopover
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Migratory passerines selected habitat at smallest spatial scale considered (25 m) during fall stopover.
Birds appear to use a hierarchical approach to habitat use during stopover, responding to landscape-level
features to locate stopover areas but using finer-scale habitat decisions for foraging opportunities or to
reduce predation risk [2, 6, 7]. Within this shared fine-scale context, species differed in their responses to
canopy height, structural heterogeneity, and forest cover, suggesting that stopover habitats may be
partitioned according to species-specific ecological traits. Ground-feeding or cover-dependent species
such as the Hermit Thrush showed strong and generally positive associations with structural
heterogeneity, consistent with the species’ importance for heterogenous structures for foraging and
concealment [57, 58]. Most species also showed selective response to intermediate forest cover (50–
75%), with rapid declines of preference at very high or very low forest cover.

In contrast, our findings for intermediate level of forest cover use and higher structural diversity for the
remaining species (thrush and warblers) match both our field observations and findings of non-breeding
habitat use from other studies. While edge-dominated forests are not generally considered high-quality
breeding habitat for forest-breeding species due to possible negative edge effects [59], there is evidence
that forest-edge/shrubby habitat may be heavily used in spring [23] and fall migration (Rodewald and
Brittingham 2004). For example, on a barrier island off the northern coast of the Gulf of Mexico, while
shrubby habitat only accounted for 14% of available habitat, it has the highest species richness, diversity,
and individual abundance for spring migrants [60]. Similarly, forest-area and shrubby habitat may be
critical during other times during the annual cycle, such as the critical post-breeding molt period [27, 61].
Our findings add to the evidence that suggests that given the totality of time in forest-edge/shrubby
habitat across the full annual cycle, greater conservation effort and recognition should be given to this
under-recognized habitat for migratory birds. This includes efforts specifically where forest edges are
more permanent than transient, such as woodlots in agricultural or urban/suburban landscapes [23].
Unless habitat requirements for migratory birds during the non-breeding period (e.g., migration
stopovers) are met, conservation efforts focused on the breeding will be compromised [62].

Conclusion
Migratory songbirds across different foraging guilds and migration strategies shared broadly similar
movements at the same fall stopover site, while having markedly different diel activity patterns and fine-
scale habitat associations. Across species, movements were highly localized, typical of centralized
foraging during stopover, with some evidence of higher refueling pressure/movement distance
associated with longer migration distances. Species varied in daily activity onset and cessation during
migration stopover based on foraging guild. Lastly, habitat use during stopover was driven by
microhabitat and suggests that maintaining heterogeneous forest structure within migratory bird
stopover hotspots may be critical for supporting diverse species assemblages during this energetically
demanding period of the annual cycle.
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Figures

Figure 1

Predicted step length of daily movements during fall stopover for (A) Blue-headed Vireo (B) Yellow-
rumped Warbler, (C) Magnolia Warbler based on the length of individual stopover of generative additive
mixed models (GAMMs) of during the 2022-2023 fall migratory period in Montreal, Quebec, Canada. Blue
lines and 95% confidence intervals show statistically significant relationships (α = 0.05), with points
showing distribution of raw data. Although species-specific prediction curves diverge, they are informed
by the global dataset (including data from Hermit Thrush and Magnolia Warbler not included here) and
shared variance structure in the model.
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Figure 2

Comparison of (A) activity onset (minutes relative to sunrise) and (B) activity end (minutes relative to
sunset) for Motus tagged migratory birds during the 2022-2023 fall stopover period in Montreal, Quebec,
Canada. Letters used to demonstrate significant differences between estimated marginal means using
Tukey-adjusted pairwise comparisons. (BHVI = Blue-headed Vireo; HETH = Hermit Thrush; MAWA =
Magnolia Warbler; MYWA = Yellow-rumped (Myrtle) Warbler; SOSP = Song Sparrow).
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Figure 3

Predicted use probabilities of habitat covariates from general additive models (GAMs) of resource
selection functions for four species of Motus tagged migratory birds during the 2022-2023 fall stopover
period in Montreal, Quebec, Canada. Blue lines and 95% confidence intervals show statistically
significant relationships (α = 0.05); grey lines and 95% confidence intervals show non-statistically
significant relationships. Density distributions along the x-axis depict the distribution of used (1)
locations in red and available (0) locations in grey, providing context for habitat availability and selection
across the observed environmental gradients.
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