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The Rocky Mountain Population (RMP) of greater sandhill cranes uses a key stopover
area, the San Luis Valley (SLV) in Colorado. Parameters of migration phenology can differ
between autumn and spring and are affected by weather and environmental factors. We
hypothesized that sandhill cranes in the SLV would have a longer stopover duration in
autumn than in spring, and that wind assistance, crosswinds, temperature change,
barometric air pressure, and surface water area would influence persistence probability.
We used data from sandhill cranes fitted with transmitters that spanned autumn and
spring, 2015-2022. We used an open robust design mark-recapture model to estimate
stopover duration, arrival probability, and persistence probability. We examined the
effects of weather and surface water on the persistence probability for 106 sandhill
cranes in the SLV. Stopover duration was longer in autumn than in spring and had higher
variability across years. Arrival probability to the SLV peaked on 13 October in autumn and
21 February in spring. Persistence probability declined around mid-December in autumn
and mid-March in spring. We found that several weather covariates influenced
persistence in both seasons. In autumn, sandhill cranes departed the SLV with higher
tailwinds, lower crosswinds, and higher surface water availability. In spring, sandhill cranes
departed the SLV with lower crosswinds and higher barometric air pressure at the
surface and higher wind speeds at altitudes of about 3,000 m. The effect of wind speed
was stronger later in the spring. Given the lower variability of arrival and persistence
probability and shorter stopover duration in spring compared to autumn, we suspect
that RMP sandhill cranes are using a time-minimization strategy during spring. However,
given the use of supportive winds and weather conditions ideal for soaring, RMP sandhill
cranes appear to be using strategies that save energy in both seasons. Our study
identifies the optimal timing of water management and surveys for RMP sandhill cranes
and confirms that weather influences their persistence. Understanding differences in
migration patterns between seasons and the factors that influence persistence at
stopover sites will also be important for anticipating phenological impacts from
climate change and land use alterations.
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1 Introduction

Migration is energetically costly and exposes individuals to
predators and sometimes unpredictable weather, but fast
migration and early arrival to the breeding grounds can improve
reproductive performance (Alerstam and Lindstrom, 1990; Kokko,
1999; Alerstam, 2011). Optimal migration theory predicts that birds
should balance the time it takes to get to their destination with
energy expenditure to maximize the benefits of migration (Alerstam
and Lindstrom, 1990; Alerstam and Hedenstrom, 1998; Alerstam,
2011). There are several aspects of migration behavior that allow
birds to optimize time and energy during migration, including the
use of stopover areas, as they can provide refueling opportunities
and allow individuals to rapidly increase nutrient reserves (e.g.,
lipids), which may improve fitness potential (Ankney and
MaclInnes, 1978; Alisauskas, 2002; Chapman et al., 2011;
Schmaljohann et al., 2022). However, stopovers may increase the
overall duration of migration, incur energetic settling costs, expose
individuals to predation risk, and potentially result in decreased
survival probability (Newton, 2007). Migratory behavior, such as
total migration duration, the travel route, and optimal stopover
departure timing, will vary among individuals and across seasons
based on environmental and intrinsic factors (Weber et al., 1998;
Karlsson et al., 2012; Nilsson et al., 2013; Akesson and Helm, 2020).
Understanding these decisions at known, key stopover areas can
provide information on how populations respond to weather and
habitat conditions, which may help identify potential impacts from
climate and land use changes.

Migration in birds is hypothesized to evolve in response to
temporal (e.g., seasonal) environmental variation, allowing for
individuals to access high quality resources throughout the year
and respond to changing conditions (Cox, 1985; Lundberg, 1988;
Winger et al., 2019). While some aspects of migration are
genetically determined (e.g., response to day length; Moller, 2001;
Pulido, 2011; Akesson and Helm, 2020), migratory behaviors are
also mediated and influenced by weather and habitat (Akesson and
Hedenstrom, 2007; Bauer et al., 2008; Haest et al., 2020). Previous
work has identified temperature, wind assistance, cloud cover,
precipitation, and barometric air pressure as factors influencing
migratory decisions, such as departure probability (Richardson,
1978, 1990; Shamoun-Baranes et al., 2017). Often the effects of
weather covariates on migration are related to the ability of birds to
optimize time and energy (Akesson and Hedenstrom, 2007;
Shamoun-Baranes et al., 2017). For example, wind speed and
wind assistance both have been cited as important in the
departure decisions of many species (Schaub et al.,, 2004; Mellone
et al., 2012; Gill et al., 2014; Panuccio et al., 2016; O’Neal et al.,
2018). Higher wind speeds, increased tailwinds, and reduced
crosswinds may all speed up migration and reduce energy use
(Pennycuick et al., 1979; Panuccio et al,, 2016; O’Neal et al., 2018;
Roques et al., 2021; Riippel et al., 2023). Temperature changes are
often associated with arrival and departure during migration, where
migration usually occurs in spring with rising temperatures and in
autumn with falling temperatures (Richardson, 1990; Bauer et al.,
2008). Both temperature and wind can interact or be correlated with
barometric air pressure, which has been shown to influence
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departure decisions and other migratory behaviors (Richardson,
1978; Shamoun-Baranes et al., 2006; Cooper et al., 2023). Growing
evidence indicates that birds can detect changes in barometric air
pressure (Kreithen and Keeton, 1974; von Bartheld, 1994) and may
change their flight or foraging behavior in response (Breuner et al.,
2013; Metcalfe et al., 2013).

Topography and habitat may also influence the effects of
environmental covariates on migratory behavior and impact
migratory phenology. For example, orographic uplift (i.e., the
movement of air over terrain) may be more important in migratory
performance for birds flying over mountain ranges, whereas thermal
uplift may have a greater impact on birds flying over flatter terrain
(Mandel et al,, 2011). Birds may also decide to go around ecological
barriers, such as mountains or the open ocean, rather than over them,
even if it increases overall migration duration (Akesson and
Hedenstrom, 2007). The suitability and availability of habitat can
affect the stopover duration of migrating birds, where birds might
remain at a stopover area longer if adequate resources are available
(Obernuefemann et al., 2013; Jorgensen and Brown, 2017; Lawrence
etal, 2021). The availability of resources can also interact with climatic
shifts to alter migration phenology. In the Intermountain West, for
example, increasing temperatures and changing precipitation and
water regimes influence water availability, which can affect the
availability of foraging and roosting sites for migrating waterbirds
(Donnelly et al, 2019). Other studies have confirmed that some
individuals and populations are departing wintering and stopover
areas sooner or shifting their distribution in response to changing
climate and habitat conditions (Jenni and Kery, 2003; Visser et al,
2009; Usui et al,, 2017; Cox et al, 2023). Understanding migratory
behaviors and how individuals respond to weather, climate, and habitat
is an important initial step to anticipating how climate and land use
changes may adversely affect population numbers.

The importance of weather patterns and habitat may differ
between northbound and southbound migration (Nilsson et al.,
2013; Kemp et al., 2023) and be based on other intrinsic factors of
the bird, such as individual body condition and age or experience
(Piersma and Jukema, 1990; Mueller et al., 2013; Mitchell et al.,
2015). Considerable attention has been given to whether birds
migrate based on time-minimization or energy-minimization as
the primary goal (Alerstam and Lindstrom, 1990; Alerstam and
Hedenstrom, 1998; Duijns et al., 2019). Minimizing time is expected
to be the preferred strategy during spring migration, as arriving to
the breeding grounds at an optimal time may allow individuals to
take advantage of high-quality resources and secure territory before
the arrival of competitors (Kokko, 1999; Nilsson et al., 2013; Tllan
et al., 2017). In contrast, autumn migrants may be less time-
constrained because they are not competing for breeding areas
and may prioritize acquiring and saving energy (Nilsson et al,
2013). Several studies have confirmed that migrants travel faster in
spring than in autumn (Karlsson et al,, 2012; Mellone et al., 2012;
Ilan et al., 2017; Duijns et al., 2019), while others have found the
opposite to be true (Shamoun-Baranes et al., 2003; Nolet, 2006;
Kolzsch et al., 2016). Migrants generally travel faster by reducing
stopover time, which is the main determinant of total migration
duration, but they may also increase their flight speed (Karlsson
et al., 2012; Nilsson et al., 2013; Duijns et al., 2019).
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Cranes in the subfamily Gruinae are composed of species
known to be impacted by various weather conditions during
migration, especially due to their relatively large size and reliance
on a mix of flapping-powered and soaring flight (Pennycuick et al.,
1979; Alonso et al., 1990a; Ojaste et al., 2020). There are six distinct
migratory populations of sandhill cranes in North America, and
they are composed of up to two subspecies (Collins et al., 20165
Petersen et al,, 2003; Johnson et al., 2005). The greater sandhill
crane (Antigone canadensis tabida) is the largest subspecies of
sandhill cranes and makes up the Rocky Mountain Population
(RMP). The San Luis Valley (SLV) in Colorado has been identified
as a key stopover site during spring and autumn migration for the
RMP (Donnelly et al,, 2021). During stopover, sandhill cranes rely
on foraging areas (e.g., harvested grain fields) and roosting areas
(e.g., wetland and riverine habitat) in the SLV for up to 30 days and
sometimes more as they move to breeding areas throughout several
western states (i.e., Colorado, Idaho, Montana, Wyoming, and
Utah) and their wintering areas in New Mexico, Arizona, and
northern Mexico (Drewien and Bizeau, 1974; Donnelly et al., 2021).
Water availability in the SLV is highly variable within and between
seasons, which may impact stopover patterns, as the juxtaposition
of nearby surface water with foraging areas may dictate distribution
(Krapu et al., 1984; Boggie et al., 2018). A thorough examination of
the stopover ecology and the role of weather and surface water in
stopover decisions will be informative for both monitoring and
management (e.g., survey timing, habitat manipulation),
particularly as land use changes and increasing water scarcity
have the potential to affect RMP cranes in the Intermountain
West (Gerber et al., 2015; Donnelly et al., 2021, 2023).

Our specific objectives were to (1) determine stopover duration,
(2) investigate arrival and persistence probability (i.e., the
probability of staying in the SLV during stopover), and (3)
examine the influence of temperature, wind components (i.e.,
wind speed, tailwind, and crosswind) at the surface and higher
altitudes, barometric air pressure, and surface water availability on
the persistence probability of RMP sandhill cranes in autumn and
spring in the SLV. Day of season or the amount of time an
individual has been at a stopover (i.e., time-since-arrival) may be
more influential than weather or other factors on persistence for an
individual prioritizing the minimization of time over energy use
(Alerstam and Lindstrom, 1990; Roques et al., 2022). Because the
time spent at stopovers largely determines total migration duration,
we expected RMP sandhill cranes to have a shorter stopover
duration in spring than in autumn. There may also be less
variability among years in the timing and duration of spring
migration. For example, other studies have confirmed sandhill
cranes migrate longer during autumn compared to spring and
found evidence of greater variability in stopover duration and
total migration duration in autumn (Krapu et al., 2014; Fronczak
et al,, 2017; Donnelly et al., 2021). Thus, we predicted that there
would be less variability in arrival and persistence probabilities in
spring compared to autumn.

Several weather metrics have been shown to be correlated with
the stopover decisions of other crane species and similarly sized
migrants (Pennycuick et al., 1979; Shamoun-Baranes et al., 2006;
Vansteelant et al., 2017; Ojaste et al., 2020). Specifically, the metrics

Frontiers in Ecology and Evolution

10.3389/fevo.2024.1279279

wind speed, tailwinds, crosswinds, temperature, and barometric air
pressure play a role in shaping conditions for migration and the
amount of energy required to depart and fly (Richardson, 1990;
Gordo, 2007). We predicted higher wind speeds, the presence of a
tailwind, and reduced crosswinds would negatively influence
persistence probability for RMP sandhill cranes in spring and
autumn. We also predicted that wind covariates at higher
altitudes would be more influential in spring than autumn
because sandhill cranes must fly over or bypass mountains during
northward migration. We hypothesized that barometric air pressure
would have a negative influence on persistence probability in both
seasons, as higher air pressure generally indicates light winds and
no precipitation (Ahrens, 2013), which are favorable conditions for
migration (Richardson, 1990). We also expected daily temperature
change to negatively influence persistence probability in spring, as
an increase in temperature might indicate more optimal migratory
conditions (Richardson, 1990; Shamoun-Baranes et al., 2003;
Panuccio et al., 2016). At the same time, temperature can
influence habitat availability (Richardson, 1990; Ojaste et al,
2020). In the SLV, lower temperatures in early spring or late
autumn may result in freezing conditions, which can incur
thermoregulatory costs for sandhill cranes and limit roosting
potential (Richardson, 1990). Water is becoming a limited
resource in much of the Intermountain West (Llewellyn and
Vaddey, 2013; Dettinger et al, 2015), and so it may affect the
ability of sandhill cranes to roost and forage while maintaining
adequate energy reserves. As a result, we predicted that temperature
and surface water availability would both positively influence
persistence probability during autumn.

2 Materials and methods
2.1 Study area

The SLV is in south-central Colorado, USA and is a high
elevation, intermontane basin that is the northernmost part of the
Upper Rio Grande Basin (Figure 1). The average elevation is
approximately 2,100 m, and the total area of the valley floor is
about 8,200 km> (Emery et al., 1969). Climate in the SLV is largely
driven by a combination of its location and elevation and the sea
surface temperatures in the Pacific Ocean and the Gulf of Mexico,
which in turn influence the movement of air masses throughout the
year and the North American Monsoon in the summer (Ahrens,
2013; Llewellyn and Vaddey, 2013). The SLV is an arid region with
an average annual precipitation of 180 mm but with
evapotranspiration rates of 1150 to 1300 mm per year (U.S. Fish
and Wildlife Service, 2015). The surrounding mountain ranges
receive more precipitation (850 to 1100 mm on average) mostly
in the form of snow. As a result, the major source of water input in
the SLV is spring snowmelt from the Sangre de Cristo Mountains to
the east and the San Juan Mountains to the west (Elias et al., 2015).
Snowmelt is transported to the valley floor via the Rio Grande River
and other creeks and tributaries (Emery et al., 1969). Monsoonal
rains in the summer can provide water inputs, but surface water
tends to become more limited throughout the summer and autumn
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FIGURE 1

A map showing the location of the San Luis Valley, Colorado. The light gray lines indicate the boundaries of the Upper and Middle Rio Grande Basin.

due to evapotranspiration and irrigation withdrawals for agriculture
(Rio Grande Basin Roundtable, 2015; U.S. Fish and Wildlife Service,
2015). Two aquifers also provide water for irrigation and natural
inflows, which influence hydrological conditions. The annual
average temperature in the SLV is approximately 6°C, but
temperatures range from as low as -20°C in winter to over 20°C
in the summer (Western Regional Climate Center, 2013). Recent
research has shown increasing temperatures in the Upper Rio
Grande Basin (Llewellyn and Vaddey, 2013) and the SLV in
recent decades (Mix et al., 2010). Winds are highly variable and
are primarily from the south and southwest throughout the year.
Much of the SLV is composed of shrub-scrub habitat, privately-
owned agricultural land, and interspersions of pastures and publicly
managed wetland and wet meadow habitat. Willows (Salix sp.) and
cottonwood (Populus deltoides) grow along the Rio Grande and its
tributaries. Many of the remaining wetland habitats, composed of
cattail (Typha sp.), rushes, and other emergent vegetation, exist on
public lands, including the Monte Vista National Wildlife Refuge,
Alamosa National Wildlife Refuge, and Russell Lakes State Wildlife
Area. Agricultural production is the dominant economic driver in
the SLV and the greatest user of water (Rio Grande Basin
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Roundtable, 2022). Agricultural fields are mostly irrigated by
pivot sprinkler systems with water transported from ditches,
canals, and underground wells. The primary crops grown include
alfalfa, potatoes, grass hay, and barley (Rio Grande Basin
Roundtable, 2022). Livestock ranching is also a major industry in
the area. Irrigation water for crops come from both surface water
and groundwater but diminishing surface water resources due to
over-appropriation and increasing temperatures have resulted in a
greater reliance on groundwater in recent decades (Rio Grande
Basin Roundtable, 2022).

During the spring and the fall, RMP cranes will roost along the
rivers and creeks and in emergent wetlands and wet meadows on
both public and private lands. They forage primarily on waste grain
(e.g., barley) remaining after autumn harvest or provided by the
Monte Vista National Wildlife Refuge, but they will also forage in
potato fields, grasslands, wetlands, and pastures for other seeds,
vegetation, and invertebrates. Greater sandhill cranes generally
forage within 2-5 km of their roosting areas (Ivey et al, 2015;
Boggie et al,, 2018) and are central-place foragers that gradually
move farther from the roost as foraging resources are depleted over
time (Ashmole, 1963; Pearse et al., 2010; Ivey et al., 2015).
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2.2 Transmitter deployment and
data processing

A total of 106 greater sandhill cranes were captured and fitted
with global system for mobile communication (GSM) platform
transmitter terminal (PTT) tags (n = 72; Evolution Series-400, 15-g;
Cellular Tracking Technologies, Rio Grande, New Jersey, USA) or
global positioning system (GPS) PTT tags (n = 34; PTT-100, 22-g
Solar Argos/GPS PTT, Microwave Telemetry, Columbia, Maryland,
USA). Most RMP cranes (1 = 86) were captured in wintering areas
in New Mexico and Arizona, but a few individuals were captured in
Colorado (n = 3), Idaho (n = 14), and Montana (n = 3) during the
summer. Details on the capture methods can be found in Collins
et al. (2016), Boggie et al. (2018), and Hays et al. (2021).

Data were formatted to an individual’s presence or absence in
the SLV on each day of autumn or spring for a given year (2015-
2022). The GSM/GPS units were programmed to acquire positions
every 15 minutes, while the GPS units acquired positions at
specified time intervals throughout the day. Because we were only
interested in presence or absence in the SLV, the different fix rates
and the exact location of fixes in the SLV did not influence
formatting. We did not use individuals for which we had data for
less than three days in the SLV. Based on the GSM/GPS data, we
identified the spring season to be between 18 January and 9 May
and the autumn season to be between 20 August and 13 December.

All appropriate banding permits were acquired from the U.S.
Geological Survey (USGS) Bird Banding Laboratory, the U.S. Fish
and Wildlife Service, and New Mexico Department of Game and
Fish permits to band and attach transmitters to sandhill cranes.

2.3 Covariate development

2.3.1 Weather data

Local weather covariates were acquired from up to five weather
stations in the SLV through the National Oceanic and Atmospheric
Administration (NOAA, 2022). We averaged daily maximum
temperature (C°) from all five weather stations and calculated a
daily change in temperature, where zero indicated no change in
temperature, a positive value indicated an increase in temperature,
and a negative value indicated a decrease in temperature. All other
temperature covariates (e.g., daily maximum temperature) were
highly correlated (r > 0.70) with time of season, so we did not
consider other temperature covariates. Local wind covariates were
available for one weather station in the SLV. In addition to using
wind speed (m/s), we calculated a tailwind variable (b) according to
Akesson and Hedenstrém (2000) and Arizaga et al. (2011),

b=V cos(o —(180°+ory)),

where V is the wind speed, o is the departure direction, and
oy is the wind direction (i.e., the direction from which the wind
comes). The departure direction differed for each season and was
based on the mean departure direction of RMP cranes in autumn
and spring during the study period. We determined departure
direction by examining the bearing between the location of the

Frontiers in Ecology and Evolution

10.3389/fevo.2024.1279279

sandhill crane on the last day it was observed in the SLV and the
following location outside the SLV. Mean departure direction was
less variable in autumn (¥=190°, standard deviation=10.97°) than in
spring (x¥=285°, standard deviation=91.59°), but both seasons
showed a normal distribution in the frequency of departure
directions among individuals. Positive values of b corresponded
to a tailwind, while negative values corresponded to a headwind
(Arizaga et al, 2011). We also considered the influence of
crosswinds ¢, which we calculated as

¢ = Vsin(og — ayy),

where a positive value indicates an easterly crosswind and a
negative value indicates a more westerly crosswind. Values at or
close to zero indicate no or minimal crosswind. We also considered
the absolute value of ¢, which represents the effect of crosswind
without consideration to direction.

Other covariates were obtained from the National Centers for
Environmental Prediction (NCEP) and Department of Energy
(DOE) Reanalysis II dataset (Kanamitsu et al., 2002) using the
RNCEP package in R (Kemp et al.,, 2012). The data are publicly
available and cover a spatial resolution of 2.5 x 2.5° (i.e,
approximately 220 km x 250 km) and temporal resolution of 6-h
intervals. We downloaded u (east-west) and v (north-south) wind
components and wind direction at the pressure levels of 600 and
700 hPa, which correspond to approximately 4,500 and 3,000 m
above sea level, respectively. These are altitudes where cranes have
been documented during migratory flights (Gerber et al., 2020). We
calculated wind speed as vVu? + v* and wind direction (in radians)
as arctan (%). We then calculated the same tailwind and crosswind
variables as with the local weather variables. Finally, we also
considered barometric air pressure (hPa) measured at the surface
of the study area and the daily change in barometric air pressure.

2.3.2 Water data

We used spectral mixture analysis to measure daily surface
water availability in the SLV for each year and season. Spectral
mixture analysis is a process that utilizes remotely sensed images
and determines the proportion of habitat classes within pixels using
endmembers (Adams and Gillespie, 2006; Jin et al., 2017).
Endmembers are areas representative of the habitat class of
interest and are static. We used Landsat 8 and Landsat 9
Operational Land Imager satellite imagery corrected for surface
reflectance. The spatial resolution is 30 x 30 m, and images are
acquired approximately every two weeks. Images were processed to
remove clouds, shadow, and snow. Although we were only
interested in surface water, spectral mixture analysis requires that
all pixels be classified into proportional habitat classes. We chose
the classes sandbar, soil, shrub, and vegetation along with water.
Static images of sandbar, soil, and shrub were chosen based on
examination of satellite imagery, focusing on areas where there was
little change in these classes over the study period. Endmembers for
water were acquired using the mean of the 98" percentile of the
Normalized Difference Water Index for each two-week period in
every year and season (Boggie et al., 2018). We used a similar
method for vegetation, which was estimated using the Normalized
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Difference Vegetation Index. Spectral mixture analysis was
completed in Google Earth Engine (Gorelick et al,, 2017). To get
daily values of surface water, we used cubic interpolation using the
“ss” function (Bunting et al., 2022; Helwig, 2022) in Program R (R
Core Team, 2022).

2.4 Statistical analysis

We examined stopover decisions using the within-season
component of a multistate open robust design mark-recapture
model (Kendall et al,, 2019). For each season this model allows
for estimation of arrival and persistence probabilities, in addition to
detection probability. We modeled autumn and spring separately,
so each season was composed of a different number of secondary
occasions, and for each we used year as a grouping variable. Each
season consisted of a set of J total secondary occasions (i.e., days),
where individual i was either detected or not detected on day j. The
start and end of each autumn and spring depended on the first and
last encounter of all RMP cranes among all years. These dates were
buffered by two additional occasions to improve estimation of
arrival and persistence probabilities. The parameters included
arrival probability (f;) detection probability (p;), and persistence
probability (¢;) of individual i on day j.

We were also interested in three derived parameters. The
average total stopover duration was calculated using Method 1
described in Kendall et al. (2019), applicable where the arrival of the
first individual and the departure of the last individual is bounded
by sampling effort. We determined the expected arrival and
departure periods across all years. Finally, the intensity parameter
@i is the probability that individual i is present in period j (Kendall
et al., 2019).

We examined a different set of covariates for 3; and ¢;. We
assumed f3; would likely be driven by conditions at areas prior to
sandhill crane arrival in the SLV, so we only considered the effects of
time (linear and quadratic). The list of covariates we considered for ¢
included a linear trend of time and time-since-arrival, total surface
water availability, the daily change in the maximum temperature, wind
speed (daily and a five-day rolling average), crosswind speed (daily and
a five-day rolling average), and barometric air pressure (daily and the
daily change). We considered wind speed at the surface and at
barometric air pressures of 600 hPa and 700 hPa, corresponding to
4,500 and 3,000 m above sea level, respectively. We did not include
covariates with a correlation coefficient > 0.40 in the same model,
including covariates that were correlated with time, as we were
interested in modeling the effect of time or time-since-arrival on ¢;.
We also examined one-way interactions between time or time-since-
arrival and a time-varying weather covariate to determine if weather
covariates were more influential later in the season. We did not
consider more than a one-way interaction to maintain simplicity and
to avoid overfitting. Fixes from GSM/GPS units are sometimes
unsuccessful and therefore detection is not perfect but is reliably
high, so we constrained p; to vary only by year [ie., p(year)] to
allow for the reduced fix rate of the older GSM/GPS units and the
greater potential for missing a signal from cranes during the day. All
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weather covariates and surface water were scaled to have a mean
of zero.

Model selection for ¢; was composed of four steps using a
build-up strategy to identify the best-supported models (Morin
et al.,, 2020). First, we determined the best time trend for both ,B,-}-
and ¢; by comparing all possible combinations of time and time-
since-arrival. Time-since-arrival is an important covariate to
consider because the decision to migrate on a given day may
depend more on the accumulated time on site of an individual,
rather than the day of the season (Roques et al., 2022). This is
particularly pertinent for spring, when stopovers are used to build
up energy reserves needed for reproduction and completing
migration for some migrant birds (Hedenstrom and Alerstam,
1997). We also examined models with a time trend across years
for ¢; to allow for a trend in environmental conditions not
accounted for by our chosen predictor variables. We compared
models using Akaike’s Information Criterion corrected for small
sample sizes (AIC,), and the time model with the lowest AIC. score
was used in the next step (Akaike, 1973; Burnham and Anderson,
2002). Second, we compared a set of models each with the best time
covariate (on ¢;) and a single time-varying covariate. Covariates in
the models that improved the fit of the time-only model were used
in the next step, but we removed covariates that were highly (> 0.40)
correlated with one another or time. We used the covariate that
produced a lower AIC, value unless it was correlated with time.
Third, covariates in the most competitive models from the previous
step were used to examine the interaction of time with a time-
varying weather covariate and additive effects of the remaining
covariates. These models were compared to one another, and we
included interactions from the most competitive models in the next
step. Finally, we examined all combinations of covariates, including
both main effects only and interactive models, and identified the
most competitive models (<2 AAIC. from the top model). To
remove potentially uninformative covariates, we did not consider
models competitive at this stage if they were nested versions of other
competitive models (Arnold, 2010).

There is currently no way to assess goodness-of-fit of multistate
open robust design models directly (Kendall et al., 2019), so we used
the median ¢ approach described by Cooch and White (2017) and
recommended by Kendall et al. (2019). Estimating ¢ can reveal the
amount of overdispersion in a model due to more variance in the
capture history than expected (Cooch and White, 2017).
Conditioning on first detection within a season and using the
Cormack-Jolly-Seber framework (CJS; Cormack, 1964; Seber,
1965), we examined models for autumn and spring separately
with a time trend on @; and with p(year).

To examine the change in @j; in response to covariates, we used
the most competitive models to predict ¢; across the range of
observed values for the covariate being examined while keeping the
other values at their means. If we found the interaction of time or
time-since-arrival with a weather covariate to be influential, we
examined the effect of the covariate during three periods of the
season: early (day 15), middle (half the season length), and late (day
100). We estimated variances using the delta method. All model
building, comparison, goodness-of-fit assessment, and predictions

frontiersin.org


https://doi.org/10.3389/fevo.2024.1279279
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Vanausdall et al.

were completed directly in Program MARK (White and Burnham,
1999) or through RMark (Laake, 2013; R Core Team, 2022).

3 Results

We monitored a total of 106 unique individual sandhill cranes
across all years (2015-2022) in spring and 55 unique individuals
across all years in autumn (Table 1). Some individuals (n =36) were
only monitored during the spring following their initial capture due
to transmitter failure, loss, or crane death. A total of 10 individuals
never used the SLV in autumn throughout their monitoring
periods, and five individuals were removed from the autumn
season due to too few (i.e.,<3) daily fixes in the SLV. Finally, of
the 106 individuals, one in autumn and eight in spring were last
detected in the SLV, which might indicate the GSM/GPS units
stopped transmitting while the individuals were in the study area.
We reran the most competitive model for each season and censored
the days after the first day of no detection for these individuals to
determine if results were biased. We found no substantial
differences in coefficient estimates, so we kept all data for these
individuals uncensored.

Weather patterns in the SLV during this time showed declining
temperature in autumn and increasing temperature in spring
(Table 2; Supplementary Figure 1). Surface winds primarily came
from the west and southwest in both seasons (Table 2;
Supplementary Figure 2). Wind speeds at higher altitudes were
more northerly on average (Table 2; Supplementary Figure 2).
Tailwinds were variable for both seasons but were generally more
favorable in autumn than in spring (Table 2; Supplementary
Figure 3). Barometric air pressure was variable in both seasons
and showed a slight negative trend in autumn (Table 2;
Supplementary Figure 4). Surface water declined throughout
autumn and increased throughout spring on average (Table 2;
Supplementary Figure 5).

TABLE 1 The number of sandhill cranes that were captured and tagged
during the winter season and the number migrating through the San Luis
Valley, Colorado the following spring and autumn.

Year Captured Present Present
and tagged in autumn in spring
2014 27 - -
2015 5 11 28
2016 2 13 2
2017 2 10 16
2018 18 9 16
2019 31 15 12
2020 24 27 47
2021 2 18 57
2022 - 11 31

Captures of RMP sandhill cranes began in the winter of 2014-2015.
"-" indicates no crane captures during a year or no data on sandhill cranes in the SLV during
a year.
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For the autumn CJS model, we estimated a ¢ of 1.41 (95% CI
-0.45, 3.27), so we used the quasi-likelihood adjusted AIC. (QAIC,)
to compare autumn models (Burnham and Anderson, 2002). A
value of 1 > ¢ < 3 is likely due to overdispersion, rather than a lack of
model fit (Lebreton et al.,, 1992). We did not detect overdispersion
in the spring models and used AIC, for model comparison. Models
for f3; in both seasons included a quadratic time trend. Based on the
most competitive models, the probability of arriving in the SLV
throughout the season peaked on 13 October in autumn and 21
February in spring (Figure 2). The value of ¢; remained close to one
for much of autumn and showed its greatest decrease around 12
December (Figure 3). The value of ¢; was also high at the beginning
of the spring season but declined in mid-March (Figure 3). The
average expected departure date varied across years in both seasons
(Table 3). Autumn stopover duration was generally greater and
more variable among years than spring stopover duration
(Figure 4). The derived values of ¢; indicated that the probability
of presence peaked around 6 November in autumn and 6 March in
spring (Figure 5).

The model with a time trend over years did not improve model
fit for either the time-only models or the top model with covariates.
There were small apparent trends in each season, negative for
autumn and positive for spring (Supplementary Table 1), but the
95% confidence intervals overlapped zero for both seasons.

The most competitive model for ¢; in autumn included
tailwind, crosswinds at 700 hPa, and surface water (Table 4).
Several models with an interaction between time and temperature
change or tailwind were also competitive. Surface water was
included in all competitive models. The effect of tailwind
indicated that RMP sandhill cranes were more likely to depart the
SLV in autumn with greater tailwinds (Figures 6, 7). The effect of
crosswinds at 700 hPa showed that as winds became more easterly
and perpendicular to the migratory direction, RMP sandhill cranes
were more likely to remain in the SLV. The opposite was true as
surface water increased, with RMP sandhill cranes less likely to stay
as surface water increased.

The most competitive model for ¢; in spring included
barometric air pressure, crosswinds, and an interaction between
time and wind speed at 700 hPa, but several other models were
competitive (Table 4). Models with an interaction between time and
crosswinds at 700 hPa were among the competitive models, as were
models with main effects of temperature change and surface water.
The most competitive model indicated that as the spring season
progressed, the effect of wind speed at 700 hPa on ¢; became
stronger and RMP sandhill cranes were less likely to remain in the
SLV with strong wind speeds at 700 hPa (Figure 8). As local winds
became more easterly and perpendicular to the preferred migratory
direction (i.e., crosswinds), RMP sandhill cranes were more likely to
remain in the SLV, while they were less likely to remain when
barometric air pressure increased (Figure 9).

4 Discussion

Patterns of sandhill crane phenology in the SLV during the
spring and autumn of 2015-2022 confirmed our hypotheses that
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TABLE 2 Mean (with standard error) values for weather covariates in the San Luis Valley, Colorado.

Daily temperature Air pres- Daily air pressure :V;r;% Wind speed Wind speed 700 Crosswind Crosswind Crosswind Tailwind Tailwind Tailwind Surface
change sure (hPa) change (?'n/s) 600 mb (m/s) mb (m/s) 600 mb 700 mb 600 mb 700 mb water (ha)
Autumn

2015 -0.37 (0.33) 774.02 8.62 (34.54) 8.74 (0.33) 9.94 (0.51) 7.98 (0.38) -1.43 (0.51) -1.17 (0.71) -0.14 (0.6) -3.05 6.24 (0.51) 4.70 (0.39) 13413.12
(0.45) (0.64) (558.51)
2016 -0.23 (0.33) 775.19 1.08 (53.49) 8.69 (0.34) 9.81 (0.53) 7.84 (0.39) 243 (0.58) | -0.22 (0.55) 0.73 (0.49) 242 7.16 (0.61) | 5.44 (0.43) 12621.76
(0.48) (0.58) (428.24)
2017 -0.26 (0.41) 775.14 1.16 (41.5) 9.9 (0.37) 11.54 (0.55) 8.71 (0.45) -2.49 (0.67) -2.66 (0.72) -1.12 (0.58) -2.93 7.54 (0.62) 5.7 (0.49) 18929.39
(0.42) (0.64) (611.08)

2018 -0.28 (0.40) 774.00 -0.04 (37.57) 8.72 (0.34) 9.82 (0.43) 7.93 (0.38) 267 (0.56) | -2.43 (0.61) -1.22 (0.57) -1.82 6.41 (0.49) | 4.77 (0.39) 8162.03
(0.40) (0.61) (341.89)
2019 -0.36 (0.41) 773.66 -7.56 (49.95) 8.62 (0.35) 11.31 (0.51) 8.31 -2.27 (0.54) -2.07 (0.73) -0.85 (0.59) -2.62 8.16 (0.48) 5.73 (0.35) 13885.72
(0.44) (0.4) (0.62) (447.88)

2020 -0.53 (0.56) 775.29 13.1 (46.26) 8.11 (0.35) 10.35 (0.59) 7.68 (0.45) -1.64 (0.55) -3.20 (0.63) -1.85 (0.51) -1.74 6.30 (0.67) 4.13 (0.53) 8458.8
(0.43) (0.59) (90.25)
2021 -0.33 (0.39) 774.76 16.96 (47.24) 8.08 (0.32) 10.06 (0.51) 7.95 -1.95 (0.5) -2.49 (0.65) -1.28 (0.55) 2.75 6.94 (0.5) 5.33 (0.38) 12238.18
(0.40) (0.4) (0.57) (420.8)

2022 -0.33 (0.43) 774.35 -0.39 (40.19) 8.69 (0.33) 9.41 (0.57) 7.06 (0.44) -1.19 (0.61) -1.04 (0.59) 0.28 (0.49) -2.06 5.59 (0.69) 4.02 (0.49) 5837.60
(0.49) (0.59) (216.10)

Spring

2015 0.23 (0.50) 772.32 6.50 (43.93) 9.21 (0.38) 10.77 (0.47) 8.02 (0.38) -1.81 (0.65) 6.28 (0.56) 3.98 (0.49) -1.64 -3.62 (0.70) | -2.32 (0.54) 13413.12
(0.38) (0.66) (558.51)
2016 0.27 (0.54) 771.71 -21.52 (49.53) 9.57 (0.41) 12.21 (0.51) 9.91 (0.42) -2.26 (0.69) 6.91 (0.57) 5.07 (0.49) -3.73 -5.50 (0.76) -4.18 (0.66) 12621.76
(0.45) (0.58) (428.24)
2017 0.30 (0.50) 770.36 3.86 (49.35) 9.74 (0.37) 13.03 (0.49) 10.21 (0.4) -3.01 (0.68) 9.00 (0.70) 6.45 (0.58) -3.53 -3.18 (0.67) -1.99 (0.59) 18929.39
(0.51) (0.58) (611.08)

2018 0.42 (0.54) 770.8 (0.44) -13.46 (48.24) 11.19 (0.4) 13.89 (0.44) 10.33 (0.41) -3.78 (0.8) 10.47 (0.53) 7.15 (0.42) -5.43 -3.29 (0.75) -2.11 (0.67) 8162.03
(0.5) (341.89)
2019 0.27 (0.50) 769.53 4.98 (47.76) 10.54 (0.39) 12.82 (0.5) 10.00 -3.52 (0.71) 9.35 (0.58) 6.50 (0.50) -3.87 -3.57 (0.7) -2.23 (0.64) 13885.72
(0.46) (0.42) (0.63) (447.88)

2020 0.34 (0.41) 771.33 14.78 (44.52) 10.26 (0.34) 12.49 (0.41) 8.89 3.5 (0.7) 9.02 (0.49) 5.60 (0.39) -4.62 -4.09 (0.67) | -2.95 (0.56) 8458.8
(0.41) (0.35) (0.52) (90.25)
2021 0.23 (0.57) 769.50 1.58 (49.74) 10.54 (0.39) 11.93 (0.48) 9.01 (0.39) -3.24 (0.7) 8.51 (0.59) 5.50 (0.52) -3.47 -3.06 (0.65) -1.99 (0.55) 12238.18
(0.48) (0.67) (420.8)

2022 0.24 (0.55) 770.3 (0.47) -11.41 (51.32) 10.54 (0.42) 12.05 (0.46) 9.30 (0.39) -2.82 (0.76) 7.76 (0.6) 4.9 (0.50) -4.23 -4.16 (0.68) -3.48 (0.6) 5837.60
(0.6) (216.10)
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FIGURE 2

The change in the arrival probability (B) of migrating Rocky Mountain Population greater sandhill cranes in the San Luis Valley, Colorado, 2015-2022

in autumn and spring

there was greater variability in the stopover patterns of RMP
sandhill cranes in autumn than in spring and that autumn
stopover duration was longer than spring stopover duration.
Several of our hypotheses concerning the influence of weather
covariates on persistence probability were confirmed, including
the negative influence of tailwinds in autumn, the positive effect
of barometric air pressure in spring, and the positive effects of wind
speed and crosswinds in spring. In contrast to our expectation,
surface water area had a negative influence on persistence
probability in autumn and the daily change in temperature had
no effect in either season. Our study provides information on
migration phenology in the SLV and highlights the potential
impacts of weather and habitat on the stopover ecology of RMP
sandhill cranes.

Estimates of arrival and persistence probabilities provide
support that RMP sandhill cranes in the SLV might prioritize
minimizing time during spring migration when compared to
autumn, which is consistent with findings from other studies of
migrating birds in both spring and autumn (Mellone et al., 2012;

Nilsson et al., 2013; Illan et al., 2017). The arrival day of RMP
sandhill cranes in the SLV showed a quadratic pattern in both
seasons, with greater within-year variability in autumn compared to
spring. The RMP sandhill cranes also demonstrated a longer
duration of high persistence probability and an overall greater
stopover duration in autumn than in spring. Other migratory
populations of cranes, including sandhill cranes (Krapu et al,
20145 Fronczak et al,, 2017; Donnelly et al,, 2021) and whooping
cranes (Grus americana; Pearse et al, 2020), also show greater
varijability in arrival and departure dates and longer stopover
durations in autumn compared to spring. The higher variation in
autumn compared to spring is likely due to several individual-
specific intrinsic factors that we could not measure, such as
experience and reproductive status. For example, during
southbound autumn migration, adult RMP sandhill cranes that
have successfully bred may be accompanied by 1-2 young, and these
family units may depart breeding or stopover areas later than
nonbreeding adults (Carlisle and Tacha, 1983; Tacha et al., 1985;
Pearse et al., 2020). The timing of migration in spring is likely more

Autumn rin
1.00 1.00 Spring
S 075 S 075
< S
2z z
= =
=} p=3
o o
g 050 g 050
L (53
Q Q
= =
g 2
.2 2
% @
2 2
& 025 & 025

0.00 0.00

September October November December February March April May
Month Month

FIGURE 3

The change in the persistence probability (¢) of migrating Rocky Mountain Population greater sandhill cranes in the San Luis Valley, Colorado, 2015-

2022 in autumn and spring.
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TABLE 3 Mean expected departure date (+ days) derived from the
multistate open robust design model for Rocky Mountain Population
greater sandhill cranes in the San Luis Valley, Colorado.

Expected departure date (+ days)

Autumn Spring
2015 11 Nov (£ 2.58) 18 Mar (= 1.87)
2016 18 Nov (£ 2.00) 22 Mar (+ 1.89)
2017 15 Nov (£ 3.01) 20 Mar (+ 1.83)
2018 7 Nov (+ 2.29) 21 Mar (+ 1.70)
2019 9 Nov (+ 2.73) 20 Mar (+ 1.39)
2020 8 Nov ( 3.58) 18 Mar (+ 1.78)
2021 12 Nov (£ 2.71) 21 Mar (+ 1.64)
2022 14 Nov (£ 2.70) 22 Mar (+ 1.97)

related to the benefits of optimal arrival to the breeding grounds.
Consistency in arrival to the breeding grounds, which is mediated
by stopover duration in spring, can allow birds to arrive at a time
that provides the best resources for egg-laying and raising young
(Kokko, 1999; Both et al., 2004). Donnelly et al. (2021) estimated
that total migration duration for RMP sandhill cranes is
approximately 35 days in spring and 60 days in autumn. Our
results indicate that RMP sandhill cranes spend most of their
migration period in the SLV in both seasons, so conditions within
the SLV are likely the main determinants of total migration
duration for RMP sandhill cranes.

Identifying the peak of arrival probability, the change in
persistence probability, and the length of stopover duration may
ultimately be useful for focusing research, monitoring, and
management efforts in both seasons. Annual productivity surveys
in autumn provide information for hunting regulations of RMP
sandhill cranes (Seamans, 2022), and productivity surveys are
conducted when it is thought that the greatest proportion of RMP
sandhill cranes are in the SLV (Collins and Vanausdall, 2023).
Current monitoring efforts of the RMP align well with our findings,
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which suggested that the optimal timing for annual surveys is early
to mid-October for autumn and late-February to early March for
spring when both the entry and persistence probabilities are
relatively high. It will be important to continue to monitor
potential changes in migration timing. Additional research on
arrival and departure dates for other stopover areas may also be
informative for annual autumn population surveys conducted to
estimate the abundance of RMP sandhill cranes (Bunting
et al., 2022).

Weather factors played an important role in the persistence
probability of RMP sandhill cranes and were mostly consistent with
our hypotheses. The importance of wind components may provide
some evidence that RMP sandhill cranes prioritize energy
maximization in both seasons but particularly autumn. Tailwind
had a negative effect on persistence probability in autumn, while
crosswinds at 700 hPa, equivalent to about 3,000 m in altitude, had a
positive effect. Supportive winds can reduce the energetic costs of
flight (Cooper et al., 2023), particularly for a large bird like a
sandhill crane (Hedenstrom, 1993; Weber et al., 1998), as the cost of
flapping flight increases with increasing body mass (Peters, 1986).
Other studies have shown that tailwinds have a negative effect on
persistence probability of migrating passerines (Schaub et al., 2004;
Roques et al, 2022) and soaring raptors (Mellone et al., 2012;
Liminana et al., 2013). However, we did not find tailwinds at any
altitude to be important for the spring season, which was
inconsistent with our hypothesis. This could be due to the fact
that winds at higher altitudes primarily come from the north,
reducing the frequency of days with tailwinds (Supplementary
Figure 2). Because RMP sandhill cranes must fly over or bypass a
mountain range, winds at higher altitudes are likely more important
than at the surface. We found that crosswind at the surface and
wind speed at 700 hPa had a positive effect on persistence in spring,
with some evidence of a stronger wind speed effect later in the
season. Other studies have found wind speed or wind support at
higher altitudes to influence departure (Mateos-Rodriguez and
Liechti, 2012; Carneiro et al., 2020). Cranes use a mix of flapping
powered and soaring flight and will take advantage of thermals to
gain altitude and glide (Pennycuick et al., 1979; Galtbalt et al,, 2022).
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The stopover duration of migrating Rocky Mountain Population greater sandhill cranes in the San Luis Valley, Colorado, 2015-2022 in autumn and

spring. The black bars are 95% confidence intervals.
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FIGURE 5
The probability of presence (o) of Rocky Mountain Population greater sandhill cranes in the San Luis Valley, Colorado, 2015-2022 in autumn and
spring. The shaded area represents 95% confidence intervals.

TABLE 4 Model selection results with the number of parameters (K), AQAIC. (autumn models) or AAIC, (spring models), model weights, and the
negative log likelihood for the effects of weather covariates and surface water on persistence probability (¢) of sandhill cranes in the San Luis Valley,
Colorado, 2015-2022.

AQAIC./ .
Models AQAIC./AAIC < -LogLik
() c < AAIC. weight 9
Autumn
time + tailwind + crosswind (700 hPa) + water 11 0.00 0.15 2259.73
time x temperature change + tailwind + crosswind (700 mb) + water 13 0.50 0.12 2254.78
time x crosswind (700 hPa) + tailwind + temperature change + water 13 0.75 0.10 2255.14
time x tailwind + crosswind (700 hPa) + water 12 0.95 0.09 2258.24
time + tailwind + crosswind (700 hPa) + wind speed (700 mb) 13 1.05 0.09 2255.56
+ water
time x crosswind (700 hPa) + tailwind + water 12 1.67 0.07 2259.25
time x tailwind + crosswind (700 hPa) + temperature change + 14 1.86 0.06 2253.87
wind speed at (700 hPa) + water
time + tailwind + crosswind (700 hPa) + wind speed (700 mb) 12 1.99 0.06 2259.69
+ water
Spring

time x wind speed (700 hPa) + crosswind + air pressure 13 0.00 0.09 4185.893
time + wind speed (700 hPa) + crosswind + air pressure 12 0.40 0.07 4188.297
time x crosswind + air pressure 12 0.46 0.07 4188.365
time x crosswind + wind speed (700 hPa) + crosswind (600 hPa) + 14 0.95 0.05 4184.834
air pressure
time x crosswind + wind speed (700 hPa) + air pressure + water 14 1.17 0.05 4185.059
time x wind speed (700 hPa) + crosswind + crosswind (600 hPa) + 15 1.52 0.04 4183.395
air pressure + temperature change
time x crosswind + crosswind (600 mb) + wind speed (700 mb) + 14 1.61 0.04 4185.496
air pressure + temperature change
time x wind speed (700 hPa) + crosswind (600 hPa) + crosswind + 14 1.80 0.04 4185.688
air pressure
time x wind speed (700 hPa) + crosswind + air pressure + water 14 1.81 0.04 4185.7

(Continued)
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TABLE 4 Continued
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AQAIC./ .
Models AQAIC./AAIC < -LogLik
(o) < ¢ AAIC. weight 9

time + crosswind + air pressure 11 1.94 0.03 4191.843
time + wind speed (700 hPa) + crosswind + temperature change 14 1.94 0.03 4185.822
+ water
time + wind speed (700 hPa) + crosswind (600 hPa) + crosswind + 13 2.09 0.03 4187.987
air pressure
time x crosswind + air pressure + water 13 2.10 0.03 4187.995
time + wind speed (700 hPa) + crosswind + air pressure + water 13 2.16 0.03 4188.054
time x crosswind + wind speed (700 hPa) + crosswind (600 hPa) + 16 2.25 0.03 4182.118
temperature change + air pressure + water
time + crosswind + crosswind (600 hPa) + air pressure + 13 2.28 0.03 4188.172
temperature change
time x crosswind + crosswind (600 hPa) + air pressure + 15 2.33 0.03 4184.207
temperature change + water

Sandhill cranes in the SLV have been observed using thermals, and
high wind speeds from the opposite direction at high altitudes are
likely not favorable for northward migration.

The finding that barometric air pressure also had a negative
influence on persistence probability provides evidence that ideal
weather and/or soaring conditions might be important for spring
departure, but this may require further validation. The influence or
correlation of barometric air pressure with persistence has been
documented in studies of both small and large migrants (Shamoun-
Baranes et al., 2006; Sapir et al., 2011; Cooper et al., 2023), including
other crane species (Pennycuick et al., 1979; Alonso et al., 1990a,
Alonso et al., 1990b). Increasing barometric air pressure is generally
associated with calm, fair weather conditions with light winds.
Studies have found spring migrants depart or increase migration
intensity during high pressure conditions (Richardson, 1978, 1990;

Maransky et al., 1997), as these conditions might be suitable for
northbound migration and potentially provide better conditions for
thermal uplift. There is also evidence that birds can detect changes
in barometric air pressure (Kreithen and Keeton, 1974), an ability
that might allow for maintaining a certain altitude during migration
or detection of conditions favorable for migration.

The effect of surface water did not appear to be more important
than time and weather covariates on persistence probability, but
water is still a critical component to consider given its role in
sandhill crane roosting and foraging (Boggie et al., 2018; Donnelly
et al, 2021). We had hypothesized that surface water would have
little to no effect on spring persistence and have a positive influence
on persistence in autumn, as more surface water means more
roosting potential. Our findings were consistent with our
hypothesis in spring, but we found a negative influence on
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FIGURE 6

Coefficient estimates in the top models examining the effects of weather and habitat covariates on the probability of persistence (¢) of migrating
Rocky Mountain Population greater sandhill cranes in the San Luis Valley, Colorado, 2015-2022 in autumn and spring. Covariates were standardized

to have a mean of zero. The black bars are 95% confidence intervals.
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The effect of tailwinds on the persistence probability (¢) of migrating Rocky Mountain Population greater sandhill cranes in the San Luis Valley,
Colorado, 2015-2022 in autumn. The shaded area represents 95% confidence intervals.

persistence in autumn. Sandhill cranes typically choose roosting
sites in areas with shallow water (Pearse et al., 2017; Boggie et al.,
2018), and the proximity of foraging areas near roost sites tends to
determine the distribution of sandhill cranes (Krapu et al., 1984;
Sparling and Krapu, 1994). A negative effect of surface water on
persistence in autumn could indicate that the water available is not
ideal for roosting or foraging (e.g., too deep). It is also possible that
with enough water, RMP sandhill cranes can acquire energetic
requirements more efficiently and depart sooner. However, we
acknowledge that our estimates of water were spatially and
temporally coarse. Surface water is dynamic throughout spring
and autumn in the SLV (Wetland Dynamics, 2019). Our seasonal
estimates may not have been able to capture effects on persistence
within seasons, such as late autumn, which may have a greater
influence on persistence probability than total surface water
throughout the season. The impact of water on RMP sandhill
cranes will be important to investigate further, as water is an

early season

1.00

middle season

increasingly limited resource in the SLV and other parts of the
Intermountain West due to over-allocation for irrigation and the
effects of climate change (Ray et al., 2008; Mix et al., 2011). Our
results provide information on when water can be distributed on the
landscape for RMP sandhill cranes, particularly on public areas that
are managed for waterbirds. Allocating water when the probability
of arrival is high and persistence probability has not greatly declined
will allow managers to use a depleting resource more efficiently
throughout both seasons.

The finding that persistence is partially linked to weather and
environmental covariates indicates that shifts in these cue values may
alter migratory behavior and/or generate phenological mismatches if
RMP sandhill cranes are unable to adapt or show plasticity when
responding to climate and landscape changes (Visser et al., 2012;
Visser and Gienapp, 2019). There is already documentation of
weather and environmental covariates shifting in the western
United States (Llewellyn and Vaddey, 2013; Dettinger et al., 2015).

late season
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FIGURE 8

The effect of surface wind speed on the persistence probability () of migrating Rocky Mountain Population greater sandhill cranes in the San Luis
Valley, Colorado, 2015-2022 during early (1 February), middle (13 March), and late (27 April) spring. The shaded area represents 95%

confidence intervals.
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Reduced streamflow and earlier spring snowmelt have been
documented in mountainous areas due to increasing temperatures
(Barnett et al., 2008; Dettinger et al., 2015; Elias et al., 2015), and
temperatures are projected to continue to increase within the coming
decades (Ray et al,, 2008; Llewellyn and Vaddey, 2013). Mix et al.
(2011) also reported evidence of increasing temperatures in the SLV
in the last century, and Donnelly et al. (2021) showed a decline in
surface water throughout the region. Furthermore, other weather
covariates, including wind speed and precipitation, are projected to
shift under climate change (Liu et al., 2013; La Sorte et al,, 2019),
which could influence migratory decisions of RMP sandhill cranes.
On the one hand, a mistiming in the response to an environmental or
climatic cue that initiates a migratory behavior and results in arriving
at a destination when conditions are suboptimal may lead to reduced
fitness potential and, in some cases, population decline (Both et al.,
2006; Moller et al., 2008; Visser et al., 2012; Visser and Gienapp,
2019). On the other hand, there is evidence that species and
populations that are more rapidly able to respond to climatic and
environmental variation (i.e., show phenotypic plasticity) are less
threatened by climate change and demonstrate a lower rate of decline
(Moller et al., 2008). For example, while cranes and other long-lived,
gregarious birds show evidence of a genetic component to migration,
the experience of older individuals seems to play an important role
and may allow these groups to respond to changing environmental
conditions over time (Chernetsov et al.,, 2004; Mueller et al., 2013;
Teitelbaum et al., 2016). However, a population-level shift in
migratory performance or behavior may take years in long-lived
birds (Mueller et al.,, 2013), making such species still susceptible to
phenological mismatches. An analysis of migratory and movement
decisions throughout the full annual cycle of RMP sandhill cranes
could provide more insight into the potential impacts of climate and
land use change on this population.

There are other important factors that may influence the stopover
decisions of migrating birds that we did not address, including waste
grain availability, the accumulation of energy reserves at stopover areas,
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and the sex, age, or experience of individuals. Previous work on other
migratory species has suggested that birds may delay the initiation of
migration and remain at wintering or stopover areas longer if adequate
resources are available and environmental conditions are favorable
(Schummer et al., 2010; Thurber et al., 2020; Cox et al., 2023). Because
waste grain is an important component of the diet of RMP sandhill
cranes in the SLV, it is possible that the amount and distribution of
grain may influence their stopover decisions. Indeed, other species of
cranes have shown evidence of shifting their winter distributions and
migratory timing in response to climate and availability of agricultural
foods (Alonso et al., 2008; Jorgensen and Brown, 2017). However, we
were not able to assess waste grain availability throughout the SLV and
estimates of grain planted would be an overestimate, but future work
could consider its role in stopover decisions. Additionally, evidence
from earlier studies suggests that cranes vary in their stopover decisions
as they age and gain more experience (Mueller et al., 2013; Teitelbaum
et al, 2016; Abrahms et al, 2021). Family groups may behave
differently at stopover areas than adults without young (Gerber et al,,
2020). While males are typically larger than females, there can be some
overlap (Krapu et al., 1985; Gerber et al., 2020), so we were not able to
sex all individuals or confidently identify family groups. Our analysis
was also limited to adult individuals, and we were not able to determine
body condition throughout migration. The rate of fuel deposition can
be a major determinant in the timing of departure for migrant birds,
particularly for those prioritizing time over energy (Alerstam and
Lindstrom, 1990; Lindstrom, 1991; Hedenstrom and Alerstam, 1997).
Departure probability has been found to be related to increasing lipid
levels or body condition in other migrant birds (Anderson et al., 2019;
Vanausdall and Dinsmore, 2021). Given that sandhill cranes are
rapidly depositing fat during spring migration in other populations
at key stopover areas (Krapu et al., 1985, 2014; Fronczak et al., 2017),
examining the influence of body condition on departure decisions of
RMP sandhill cranes could be valuable.
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