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ABSTRACT 

 

SPRING AND AUTUMN STOPOVER RESOURCES AND LAND USE PATTERNS FOR THE 

ROCKY MOUNTAIN POPULATION OF SANDHILL CRANES IN THE SAN LUIS VALLEY, 

COLORADO 

Stopover areas are important to migrant birds for resting and refueling on long journeys 

to and from their breeding grounds. Many birds use spring stopover areas to obtain adequate 

energy reserves to aid in reproduction, and the quality of habitat used during both spring and 

autumn migration can have cross-seasonal effects on vital rates, such as survival probability, later 

in the annual cycle. The Rocky Mountain Population of greater sandhill cranes (Antigone 

canadensis tabida) is a migrant population that stages in several western regions during the 

migratory period, but most of their time is spent on a single stopover area during the autumn and 

spring. While this population breeds throughout states within and around the Rocky Mountains 

and winters throughout parts of New Mexico, Arizona, and Mexico, over 90% of the RMP 

stopover in the San Luis Valley (SLV) in southcentral Colorado. Additionally, a smaller number 

of lesser sandhill cranes (A. c. canadensis) from the Midcontinent Population use the SLV during 

autumn and spring migraiton. During this time, sandhill cranes utilize riverine corridors, wetland 

complexes, wet meadows and pastures, and agricultural fields in the SLV on both private and 

public lands. A high proportion of their diet includes spilled barley and other grains leftover after 

harvest in autumn and before planting season the following spring. The Monte Vista National 

Wildlife Refuge (MVNWR) also provides supplemental barley for sandhill cranes in spring and 

manage water to provide emergent wetland and shallow water habitats for roosting and loafing. 

However, the SLV has experienced landscape changes that threaten important habitat for sandhill 
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cranes, and most of these changes center around the availability of water. As a semi-arid and 

snowpack driven region, the hydrology of the SLV relies mostly on precipitation that comes from 

the surrounding mountains and on aquifers that provide irrigation water and recharge other water 

sources. Over the years, efforts to divert surface water and pump water from aquifers have led to 

overappropriation of water rights and reduced water availability. In addition, increasing 

temperatures and a changing climate are contributing to increasing water scarcity. These changes 

will likely influence the land use patterns, which could ultimately affect the supply of energy on 

the landscape and energetic demand of sandhill cranes. In turn, this could affect abundance and 

distribution. Understanding migration phenology, along with their bioenergetics and land use 

patterns while at a primary stopover area, are important for informing management on both 

public and private land and for estimating the carrying capacity of an area for migrant species. 

While the timing of RMP sandhill crane migration in the SLV has been documented 

previously, our first objective was to formally quantify their migration phenology in and out of 

the SLV and determine if there were weather or habitat covariates influencing their persistence 

probability. Migrant birds are thought to optimize migration timing and energy use by balancing 

the speed of migration with energetic consumption and expenditure. For example, migrating 

faster in the spring (i.e., time-minimization), and thus arriving earlier at the breeding grounds, 

may improve reproductive performance for some species. On the other hand, reducing the 

amount of energy (i.e., energy-minimization) used during migration may be preferred in autumn 

under reduced time constraints, so birds may take longer to migrate at this time of the year. 

Various factors will also influence how long birds remain at a stopover area, including weather 

patterns and habitat availability. As large birds, sandhill cranes may take advantage of various 

weather patterns, such as strong tailwinds or high wind speeds, to aid in flight and overall 
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migration. These factors may reduce the probability that a sandhill crane will remain at a 

stopover if they incur a higher energetic cost. We examined the arrival probability and 

persistence probabiltiy of RMP sandhill cranes in the SLV using data across eight years from 

birds fitted with global system for mobile communication (GSM) platform transmitter terminal 

(PTT) tags or Global Positioning System (GPS) units. Using an open robust design mark-

recapture model, we examined the influence of temperature change, barometric air pressure, 

tailwinds, crosswinds, wind speed, and surface water on the persistence probability of RMP 

sandhill cranes. 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. This study 

identified 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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Next, we focused on how RMP sandhill cranes select habitat and use the SLV during their 

stopovers in autumn and spring. Sandhill cranes tend to show predictable movement patterns 

during migration in the SLV. They generally spend nights roosting in areas with shallow water 

(e.g., emergent wetlands, rivers, creeks, ponds) and leave the roosts around sunrise to forage 

primarily on grain fields. They spend midday loafing (i.e., resting and engaging in other 

behaviors) in various habitats, usually near or in water, and then return to feed one more time 

close to sunset before returning to the roost. This movement around a focal roosting point 

characterizes central place foragers. Given the risk of increasing water scarcity in the SLV and 

the potential for future landscape changes, quantifying the selection patterns of RMP sandhill 

cranes during their roosting, foraging, and loafing periods provides valuable information for 

habitat management. We used GSM/GPS data to examine the effects of water, sandbar, 

vegetation height, distance to the nearest grain field, landcover type, and ownership on roosting, 

loafing, and foraging habitat selection by RMP sandhill cranes. We found that sandhill cranes 

selected for areas with a high amount of water, relatively short vegetation (<5 m in autumn, <10 

m in spring), close to grain fields (<5 km), and areas identified as open water for roosting. 

Loafing sandhill cranes also selected for areas with short vegetation and close to grain fields but 

that had less water and more sandbar than roosting areas and were identified as pastures or 

wetlands. While selection was higher for private land overall, we found evidence of avoidance of 

private lands and a stronger preference for public lands with increasing surface water for roosting 

in spring. For foraging areas, selection was highest for barley in both seasons, but triticale and 

other grains had relatively high selection in autumn. Our finding confirms the importance of 

providing roosting and loafing areas on both private and public lands close to foraging areas and 
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provides evidence that roosting and loafing opportunities may be most limited on public lands in 

the SLV.  

We then examined foraging selection patterns more closely to define RMP sandhill crane 

distribution during migration and determine factors, in addition to habitat type, that affect 

selection for foraging areas. Flying is energetically expensive, so understanding some of the 

drivers of foraging preferences can inform management to aid in reducing the amount of energy 

required to find food. Greater sandhill cranes tend to forage within 2-5 km of their roost from the 

previous night. As food items in patches decline due to consumption and deterioration, sandhill 

cranes will move farther from their roost to forage. Other factors may motivate birds to switch 

patches. Tilling, for example, is a practice that takes place after harvest in many fields in the SLV 

and can also reduce seed availability. We sought to understand how tillage intensity in grain 

fields, along with crop type, distance to the nearest roost, and time, influence foraging selection 

by both greater sandhill cranes and lesser sandhill cranes. The same covariates were also used to 

examine their effects on the number of greater sandhill cranes. We completed roadside surveys to 

count greater and lesser sandhill cranes in autumn and spring and identify field-specific 

covariates. Lesser sandhill cranes were more concentrated in specific areas in the SLV, while 

greater sandhill cranes were more variable in their distribution. Selection in autumn was most 

influenced by an interaction between time and crop type for both subspecies, while spring 

selection was influenced by an interaction between crop type and roost distance. The probability 

of presence was highest on barley fields or other grains for both subspecies in mid-October and 

mid-March, but it declined as distance to the nearest roost increased for both subspecies. We only 

modeled covariates on abundance for greater sandhill cranes and found that an interaction 

between time and roost distance was the most influential model in autumn. The interaction 
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between time and crop type most influenced abundance in spring. The effect of roost distance 

was negative early in the autumn season but became positive later in the season. Greater sandhill 

cranes also showed a higher abundance in other crop types in spring compared to autumn. We 

found that both greater and lesser sandhill cranes were more likely to be on fields with idle or 

low intensity tillage practices than those with high intensity tillage practices. Overall, our results 

suggested that sandhill cranes are variable in their use of the SLV for foraging and prefer to fly 

farther from roosts to their preferred forage type but may also switch to other crop types. 

While documenting phenology and selection patterns is useful for prioritizing areas for 

conservation and determining the appropriate habitat types to provide during migration, 

researchers and managers are lacking an understanding of how many sandhill cranes the SLV 

could theoretically support. Changing landscape and climate conditions in the SLV are 

contributing to increasing water scarcity, which may eventually reduce the amount of barley 

grown in the SLV or alter the juxtaposition of foraging and roosting areas. To understand how 

changes in barley tillage practices and amounts may influence RMP sandhill crane numbers in 

the SLV, our goals were to examine the influence of tillage intensity on barley availability, 

determine the energy demand of RMP sandhill cranes during autumn and spring, calculate the 

supply of energy available on the landscape from barley, and estimate current and potential 

carrying capacity under varying barley amounts. Idle fields (i.e., fields not tilled) had the greatest 

density of barley than fields that had low or high tillage intensity practices, and RMP sandhill 

cranes that used more tilled fields spent more time searching for forage. We also found an 

increase in lipid gain during spring migration, which increased the daily energetic expenditure 

(DEE) of RMP sandhill cranes during spring compared to autumn. Overall, we found that 

individual RMP sandhill cranes required between 458 to 566 kcal per day, which equated to 
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0.129 to 0.160 kg of barley per day, with a greater amount required during spring. The total 

energy demand required by the population for autumn was approximately 284.9 x 106 kcal (0.08 

x 106 kg of barley), and this value increased to 435.4 x 106 kcal (0.1 x 106 kg of barley) for 

spring. The average energy supply was 5905.5 x 106 kcal (1.7 x 106 kg of barley) for early 

autumn and 1589.9 x 106 kcal (0.4 x 106 kg of barley) in late spring for the entire SLV. Overall, 

the supply of energy exceeded sandhill crane demand throughout both seasons. Based on 

bioenergetics models using the TRUEMET model, most scenarios also showed that energetic 

supply exceeded demand. Under all scenarios, barley declined by approximately 90% or more 

between early autumn to late spring, but supply was still greater than demand at the end of 

spring. While we made several assumptions using these models that could not be validated, we 

are confident that we provide evidence that there is currently enough barley in the SLV to 

support more sandhill cranes than the present population. Tillage intensity, particularly barley left 

idle in autumn and spring, appears to play a bigger role in barley availability than the presence of 

barley on public over private land. 

Overall, our findings provide information that can aid in practical management objectives 

in the face of climate and land use challenges and describe baseline information on how current 

conditions influence the energetics of the RMP. While the RMP appears to be relatively stable 

and increasing, several environmental changes in the SLV are likely to impact the distribution, 

timing of migration, and habitat selection patterns of the population. In turn, these factors will 

affect how sandhill cranes use and expend energy, which may lead to reduced reproduction or 

survival. Current objectives for the RMP include providing suitable habitat to support a 

population goal of 17,000 – 21,000 individuals. Our results indicate that habitat is sufficient for 

the current population and potentially a larger population. However, given the role of water in 
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the movement and selection of sandhill cranes, increasing water scarcity is likely to temper the 

benefits of available forage over time, which may make meeting population objectives more 

challenging. Continued management of water and foraging resources on public and private lands 

are important, but our results also emphasize the need to integrate habitat management on both 

ownership types to ensure adequate resources are available during migration.  
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CHAPTER 1 – TIME OF YEAR AND WEATHER INFLUENCE DEPARTURE DECISIONS 
OF SANDHILL CRANES AT A PRIMARY STOPOVER 

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 Lindström, 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 

Lindström, 1990; Alerstam and Hedenström, 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 

MacInnes, 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; Åkesson 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 
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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; Møller, 

2001; Pulido, 2011; Åkesson and Helm, 2020), migratory behaviors are also mediated and 

influenced by weather and habitat (Åkesson and Hedenström, 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 

(Åkesson and Hedenström, 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; Rüppel 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 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).  
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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 (Åkesson and Hedenström, 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 et al., 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 Kéry, 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 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 
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to whether birds migrate based on time-minimization or energy-minimization as the primary goal 

(Alerstam and Lindström, 1990; Alerstam and Hedenström, 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; Illan 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; Illan et al. 2017; Duijns et al., 2019), while others 

have found the opposite to be true (Shamoun-Baranes et al., 2003; Nolet 2006; Kölzsch 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).  

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. 2016; Petersen et 

al. 2003; Johnson et al. 2005). The greater sandhill crane (Antigone canadensis tabida) is the 

largest the 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 
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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 entry 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 Lindström, 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 
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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 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 
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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. 

METHODS 

Study Area 

The SLV is in south-central Colorado, U.S.A., and is a high elevation, intermontane basin 

that is the northernmost part of the Upper Rio Grande Basin (Fig. 1.1). The average elevation is 

approximately 2,100 m, and the total area of the valley floor is about 8,200 km2 (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 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 
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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 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 
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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).  

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 (n = 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. 
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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. 

Covariate development 

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 Åkesson and Hedenström (2000) and Arizaga et al. (2011), 𝑏 = 𝑉 cos(𝛼𝑇 − (180° + 𝛼𝑊)), 
where 𝑉 is the wind speed, 𝛼𝑇 is the departure direction, and 𝛼𝑊 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 

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 (𝑥̅=190°, standard deviation=10.97°) 

than in spring (𝑥̅=285°, standard deviation=91.59°), but both seasons showed a normal 

distribution in the frequency of departure directions among individuals. Positive values of 𝑏 
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corresponded to a tailwind, while negative values corresponded to a headwind (Arizaga et al., 

2011). We also considered the influence of crosswinds 𝑐, which we calculated as 𝑐 = 𝑉 sin(𝛼𝑇 − 𝛼𝑊), 
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 𝑐, 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 √𝑢2 + 𝑣2 and wind 

direction (in radians) as arctan (𝑢𝑣). 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.  

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 
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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 

98th 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 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).  

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 
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occasions to improve estimation of arrival and persistence probabilities. The parameters included 

arrival probability (𝛽𝑖𝑗), detection probability (𝑝𝑖𝑗), and persistence probability (𝜑𝑖𝑗) 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 𝛼𝑖𝑗 is the probability that individual 𝑖 is present in period 𝑗 (Kendall et al. 2019).  

We examined a different set of covariates for 𝛽𝑖𝑗 and 𝜑𝑖𝑗. We assumed 𝛽𝑖𝑗 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 𝜑𝑖𝑗 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 to time or time-since-arrival on 𝜑𝑖𝑗. 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 𝑝𝑖𝑗 to vary only by year (i.e., 𝑝(𝑦𝑒𝑎𝑟)) to 
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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 weather covariates and surface water were scaled to have 

a mean of zero.   

Model selection for 𝜑𝑖𝑗 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 𝛽𝑖𝑗 and 𝜑𝑖𝑗 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 

(Hedenström and Alerstam, 1997). We also examined models with a time trend across years for 𝜑𝑖𝑗 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 (AICc), and the time model with the lowest AICc 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 𝜑𝑖𝑗) 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 AICc 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 
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only and interactive models, and identified the most competitive models (<2 ΔAICc 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 𝑐̂ approach described by Cooch and 

White (2017) and recommended by Kendall et al. (2019). Estimating 𝑐̂ 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 𝜑𝑖𝑗 and with p(year).  

To examine the change in 𝜑𝑖𝑗 in response to covariates, we used the most competitive 

models to predict 𝜑𝑖𝑗 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 were completed directly in Program MARK (White and Burnham, 

1999) or through RMark (Laake, 2013; R Core Team, 2022).  

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 1.1). 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 
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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 1.2, Figure S1.1). Surface winds primarily came 

from the west and southwest in both seasons (Table 1.2, Figure S1.2). Wind speeds at higher 

altitudes were more northerly on average (Table 1.2, Figure S1.2). Tailwinds were variable for 

both seasons but were generally more favorable in autumn than in spring (Table 1.2, Figure 

S1.3). Barometric air pressure was variable in both seasons and showed a slight positive trend in 

autumn (Table 1.2, Figure S1.4). Surface water declined throughout autumn and increased 

throughout spring on average (Table 1.2, Figure S1.5). 

For the autumn CJS model, we estimated a 𝑐̂ of 1.41 (95% CI -0.45, 3.27), so we used the 

quasi-likelihood adjusted AICc (QAICc) to compare autumn models (Burnham and Anderson, 

2002). A value of 1 > 𝑐̂ < 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 AICc for 

model comparison. Models for 𝛽𝑖𝑗 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 1.2). The value of 𝜑𝑖𝑗 remained close to 

one for much of autumn and showed its greatest decrease around 12 December (Figure 1.3). The 
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value of 𝜑𝑖𝑗 was also high at the beginning of the spring season but declined in mid-March 

(Figure 1.3). The average expected departure date varied across years in both seasons (Table 

1.3). Autumn stopover duration was generally greater and more variable among years than spring 

stopover duration (Figure 1.4). The derived values of 𝛼𝑗 indicated that the probability of presence 

peaked around 6 November in autumn and 6 March in spring (Figure 1.5). 

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 (Table S1.1), but the 95% confidence intervals 

overlapped zero for both seasons.   

The most competitive model for 𝜑𝑖𝑗 in autumn included tailwind, crosswinds at 700 hPa, 

and surface water (Table 1.4). 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 (Figure 1.6, Figure 1.7). 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 𝜑𝑖𝑗 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 1.4). 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 𝜑𝑖𝑗 became stronger and RMP sandhill cranes 
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were less likely to remain in the SLV with strong wind speeds at 700 hPa (Figure 1.8). 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 1.9).  

DISCUSSION 

Patterns of sandhill crane phenology in the SLV during the spring and autumn of 2015-

2022 confirmed our hypotheses that 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 
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in spring. Other migratory populations of cranes, including sandhill cranes (Krapu et al., 2014; 

Fronczak et al., 2017; Donnelly et al., 2021) and whooping cranes (Grus americana; Pearse et 

al., 2020), also show greater variability 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 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, which suggested that the optimal timing for annual surveys is early to mid-October for 
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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 (Hedenström, 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; Limiñana 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 Fig. 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-Rodríguez and Liechti, 2011; 



21 

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). 

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, 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 
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influence on 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 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 
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United States (Llewellyn and Vaddey, 2013; Dettinger et al., 2015). 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; Møller 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 (Møller 

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 
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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, 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 Lindström, 1990; Lindström, 
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1991; Hedenström and Alerstam, 1997). Departure probability has been found to be related to 

increasing lipid levels or body condition in other migrant birds (Pearse et al., 2011; 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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TABLES AND FIGURES 

Table 1.1: 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. Captures of RMP sandhill cranes began in the winter of 2014-2015. 

Year Captured and 
tagged 

Present in 
autumn 

Present in 
spring 

2014 27 - - 
2015 5 11 28 

2016 2 13 22 

2017 2 10 16 

2018 18 9 16 

2019 31 15 12 

2020 24 27 47 

2021 2 18 57 

2022 - 11 31 
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Table 1.2: Mean (with standard error) values for weather covariates in the San Luis Valley, Colorado. 
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Autumn 

2015 -0.37 

(0.33) 

774.02 

(0.45) 

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 

(0.64) 

6.24 

(0.51) 

4.70 

(0.39) 

13413.12 

(558.51) 

2016 -0.23 

(0.33) 

775.19 

(0.48) 

1.08 

(53.49) 

8.69 

(0.34) 

9.81 

(0.53) 

7.84 

(0.39) 

-2.43 

(0.58) 

-0.22 

(0.55) 

0.73 

(0.49) 

-2.42 

(0.58) 

7.16 

(0.61) 

5.44 

(0.43) 

12621.76 

(428.24) 

2017 -0.26 

(0.41) 

775.14 

(0.42) 

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 

(0.64) 

7.54 

(0.62) 

5.7 

(0.49) 

18929.39 

(611.08) 

2018 -0.28 

(0.40) 

774.00 

(0.40) 

-0.04 

(37.57) 

8.72 

(0.34) 

9.82 

(0.43) 

7.93 

(0.38) 

-2.67 

(0.56) 

-2.43 

(0.61) 

-1.22 

(0.57) 

-1.82 

(0.61) 

6.41 

(0.49) 

4.77 

(0.39) 

8162.03 

(341.89) 

2019 -0.36 

(0.41) 

773.66 

(0.44) 

-7.56 

(49.95) 

8.62 

(0.35) 

11.31 

(0.51) 

8.31  

(0.4) 

-2.27 

(0.54) 

-2.07 

(0.73) 

-0.85 

(0.59) 

-2.62 

(0.62) 

8.16 

(0.48) 

5.73 

(0.35) 

13885.72 

(447.88) 

2020 -0.53 

(0.56) 

775.29 

(0.43) 

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 

(0.59) 

6.30 

(0.67) 

4.13 

(0.53) 

8458.8 

(90.25) 

2021 -0.33 

(0.39) 

774.76 

(0.40) 

16.96 

(47.24) 

8.08 

(0.32) 

10.06 

(0.51) 

7.95  

(0.4) 

-1.95 

(0.5) 

-2.49 

(0.65) 

-1.28 

(0.55) 

-2.75 

(0.57) 

6.94 

(0.5) 

5.33 

(0.38) 

12238.18 

(420.8) 

2022 -0.33 

(0.43) 

774.35 

(0.49) 

-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 

(0.59) 

5.59 

(0.69) 

4.02 

(0.49) 

5837.60 

(216.10) 

Spring 

2015 0.23 

(0.50) 

772.32 

(0.38) 

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 

(0.66) 

-3.62 

(0.70) 

-2.32 

(0.54) 

13413.12 

(558.51) 

2016 0.27 

(0.54) 

771.71 

(0.45) 

-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 

(0.58) 

-5.50 

(0.76) 

-4.18 

(0.66) 

12621.76 

(428.24) 

2017 0.30 

(0.50) 

770.36 

(0.51) 

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 

(0.58) 

-3.18 

(0.67) 

-1.99 

(0.59) 

18929.39 

(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 

(0.5) 

-3.29 

(0.75) 

-2.11 

(0.67) 

8162.03 

(341.89) 

2019 0.27 

(0.50) 

769.53 

(0.46) 

4.98 

(47.76) 

10.54 

(0.39) 

12.82 

(0.5) 

10.00  

(0.42) 

-3.52 

(0.71) 

9.35 

(0.58) 

6.50 

(0.50) 

-3.87 

(0.63) 

-3.57 

(0.7) 

-2.23 

(0.64) 

13885.72 

(447.88) 

2020 0.34 

(0.41) 

771.33 

(0.41) 

14.78 

(44.52) 

10.26 

(0.34) 

12.49 

(0.41) 

8.89  

(0.35) 

-3.5 

(0.7) 

9.02 

(0.49) 

5.60 

(0.39) 

-4.62 

(0.52) 

-4.09 

(0.67) 

-2.95 

(0.56) 

8458.8 

(90.25) 

2021 0.23 

(0.57) 

769.50 

(0.48) 

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 

(0.67) 

-3.06 

(0.65) 

-1.99 

(0.55) 

12238.18 

(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 

(0.6) 

-4.16 

(0.68) 

-3.48 

(0.6) 

5837.60 

(216.10) 
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Table 1.3: 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. 

 

Year 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) 
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Table 1.4: Model selection results with the number of parameters (K), ΔQAICc (autumn models) 

or ΔAICc (spring models), model weights, and the negative log likelihood for the effects of 

weather covariates and surface water on persistence probability (φ) of sandhill cranes in the San 
Luis Valley, Colorado, 2015-2022. 

 Models (φ) K 
ΔQAICc/ΔAICc 

ΔQAICc       /ΔAICc weight 
-LogLik 

Autumn 

time + tailwind + crosswind (700 hPa) + 

water 

11 0.00 0.15 2259.73 

time*temperature change + tailwind + 

crosswind (700 mb) + water 

13 0.50 0.12 2254.78 

time*crosswind (700 hPa) + tailwind + 

temperature change + water 

13 0.75 0.10 2255.14 

time*tailwind + crosswind (700 hPa) + 

water  

12 0.95 0.09 2258.24 

time + tailwind + crosswind (700 hPa) + 

wind speed (700 mb) + water 

13 1.05 0.09 2255.56 

time*crosswind (700 hPa) + tailwind + 

water 

12 1.67 0.07 2259.25 

time*tailwind + crosswind (700 hPa) + 

temperature change +  

wind speed at (700 hPa) + water 

14 1.86 0.06 2253.87 

time + tailwind + crosswind (700 hPa) + 

wind speed (700 mb) + water 

12 1.99 0.06 2259.69 

Spring 

time*wind speed (700 hPa) + crosswind + 

air pressure 

13 0.00 0.09 4185.89

3 

time + wind speed (700 hPa) + crosswind 

+ air pressure 

12 0.40 0.07 4188.29

7 

time*crosswind + air pressure 12 0.46 0.07 4188.36

5 

time*crosswind + wind speed (700 hPa) + 

crosswind (600 hPa) +  

air pressure 

14 0.95 0.05 4184.83

4 

time*crosswind + wind speed (700 hPa) + 

air pressure + water 

14 1.17 0.05 4185.05

9 

time*wind speed (700 hPa) + crosswind + 

crosswind (600 hPa) + 

air pressure + temperature change 

15 1.52 0.04 4183.39

5 

time*crosswind + crosswind (600 mb) + 

wind speed (700 mb) +  

air pressure + temperature change 

14 1.61 0.04 4185.49

6 

time*wind speed (700 hPa) + crosswind 

(600 hPa) + crosswind +  

air pressure 

14 1.80 0.04 4185.68

8 

time*wind speed (700 hPa) + crosswind + 

air pressure + water  

14 1.81 0.04 4185.7 

time + crosswind + air pressure 11 1.94 0.03 4191.84

3 
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Models (φ) K 
ΔQAICc/ΔAICc 

ΔQAICc       /ΔAICc weight 
-LogLik 

time + wind speed (700 hPa) + crosswind 

+ temperature change + water 

14 1.94 0.03 4185.82

2 

time + wind speed (700 hPa) + crosswind 

(600 hPa) + crosswind +  

air pressure 

13 2.09 0.03 4187.98

7 

time*crosswind + air pressure + water 13 2.10 0.03 4187.99

5 

time + wind speed (700 hPa) + crosswind 

+ air pressure + water 

13 2.16 0.03 4188.05

4 

time*crosswind + wind speed (700 hPa) + 

crosswind (600 hPa) + temperature 

change + air pressure + water 

16 2.25 0.03 4182.11

8 

time + crosswind + crosswind (600 hPa) + 

air pressure + 

temperature change 

13 2.28 0.03 4188.17

2 

time*crosswind + crosswind (600 hPa) + 

air pressure +  

temperature change + water 

15 2.33 0.03 4184.20

7 
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Figure 1.1: 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.  
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Figure 1.2: The change in the arrival probability (β) of migrating Rocky Mountain Population 
greater sandhill cranes in the San Luis Valley, Colorado, 2015-2022 in autumn and spring. 
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Figure 1.3: The change in the persistence probability (φ) of migrating Rocky Mountain 
Population greater sandhill cranes in the San Luis Valley, Colorado, 2015-2022 in autumn and 
spring. 
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Figure 1.4: 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 1.5: The probability of presence (α) 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. 
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Figure 1.6: Coefficient estimates in the top models examining the effects of weather and habitat 
covariates on the probability of persistence (φ) 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.  

  



37 

 

Figure 1.7: The effect of tailwinds on the persistence probability (φ) 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. 
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Figure 1.8: The effect of surface wind speed on the persistence probability (φ) 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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Figure 1.9: The effect of barometric air pressure on the persistence probability (φ) of migrating 
Rocky Mountain Population greater sandhill cranes in the San Luis Valley, Colorado, 2015-2022 
in spring. The shaded area represents 95% confidence intervals. 
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CHAPTER 2 – HABITAT SELECTION BY ROCKY MOUNTAIN POPULATION GREATER 
SANDHILL CRANES (ANTIGONE CANADENSIS TABIDA) DURING SPRING AND 

AUTUMN MIGRATION AT A KEY STOPOVER AREA 

INTRODUCTION 

Animals face survival and reproductive consequences depending on the type and quality 

of habitat and resources they use (Matthiopoulos et al. 2015). Resources include biotic and 

abiotic items, such as food or nesting material, and space needed for reproduction and survival 

(Johnson 1980, Aarts et al. 2008, Beyer et al. 2010, Gaillard et al. 2010). Theory predicts that 

individuals should use resources and thus habitat patches in such a way that their fitness is 

maximized (Fretwell 1969, Rosenzweig 1981, Northrup et al. 2022). An understanding of habitat 

use can inform management of populations, so habitat selection is of interest to managers and 

researchers.  

An important consideration in habitat selection studies is that resource needs will change 

in seasonal environments, and animals will use different habitats depending on their stage in the 

annual cycle (Newton 2007, McLoughlin et al. 2010, Stanley et al. 2021). The seasonal changes 

in resource availability in time and space are ultimate reasons for the evolution of migratory 

behavior, particularly in birds (Cristol et al. 1999, Chapman et al. 2011). Migrants respond to 

environmental and habitat changes on their wintering and breeding areas to, in part, initiate 

migration, while stopover areas are used along the migration route and influence migratory 

decisions and duration (Newton 2007, Warnock 2010). Stopover areas are used for replenishing 

energy reserves through foraging and resting and sometimes as refugia from harsh conditions or 

predators (Schmaljohann et al. 2022). The energy acquired at stopover areas is critical for 

completing migration and, for some species, reproducing successfully during the following 

breeding season (Alisauskas 2002, Baker et al. 2004, Drent et al. 2007, Devries et al. 2008). 
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Managing habitat or resources associated with energy acquisition and maintenance is of concern 

to many managers in key stopover areas for species of interest (Albanese and Davis 2015, 

Ballard et al. 2021).  

In North America, there are six migratory populations of Sandhill Cranes (Antigone 

canadensis) managed by state and federal agencies (Collins et al. 2016, Gerber et al. 2020), and 

all of them use stopover areas during autumn and spring migration (Drewien and Bizeau 1974, 

Krapu et al. 2011, Fronczak et al. 2017). Several populations show high fidelity to certain 

stopover areas each year and season, and these areas have been the target of research and 

management (Lovvorn and Kirkpatrick 1982, Krapu et al. 1984, Iverson et al. 1987, Bunting et 

al. 2022). For example, the San Luis Valley in Colorado is an important and well-known spring 

and autumn stopover area for Sandhill Cranes in the Rocky Mountain Population (Drewien and 

Bizeau 1974, Donnelly et al. 2021, Vanausdall et al. 2024). Similar to other stopover areas, 

Sandhill Cranes rapidly increase lipid levels in spring by foraging on grain leftover from harvest, 

and these reserves are likely used to fuel the remainder of migration (Kauffeld 1981, Krapu et al. 

1985). Sandhill Cranes are not completely capital breeders, which include birds that acquire most 

or all of their nutrients needed for reproduction prior to arriving on the breeding grounds, but 

these reserves still likely assist with reproduction and egg laying (Krapu et al. 1985). Important 

stopover areas for other populations include the Central Platte River Valley in Nebraska (Krapu 

et al. 2014) and the Jasper-Pulaski Fish and Wildlife area for the Eastern Population (Lovvorn 

and Kirkpatrick 1982, Fronczak et al. 2017). Because of their status as a game species, a 

charismatic species, and a success story in terms of recovery from near extirpation (Walkinshaw 

1949), Sandhill Cranes and their use of stopover areas has been of interest in recent decades. 
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The habitat requirements of Sandhill Cranes during the non-breeding period have been 

well documented, with a particular emphasis on spring migration owing to its potential impact on 

reproduction (Lovvorn and Kirkpatrick 1982, Krapu et al. 1984, Folk and Tacha 1990, Boggie et 

al. 2018). Slightly less work has examined habitat selection for Sandhill Cranes in autumn (but 

see Littlefield 1992, Donnelly et al. 2021), but there is evidence to suggest that preferred habitat 

is more variable among individuals when compared to spring (Lovvorn and Kirkpatrick 1982). 

The distribution of Sandhill Cranes is largely determined by the proximity of roosting areas and 

foraging areas (Iverson et al. 1987, Sparling and Krapu 1994). Roosting habitats at stopover 

areas include wetlands, wet meadows, and riverine habitats with shallow water (approximately 

30 cm deep or less) and low vegetation, channel widths wider than 200 m, and at least 25 m from 

disturbance (Krapu et al. 1984, Davis 2003, Kinzel et al. 2009, Pearse et al. 2017, Kruse et al. 

2017). Sandhill Cranes will also use wet areas, including wetlands and pastures, in between 

foraging bouts to loaf, which refers to behaviors such as resting, preening, and overall 

maintenance (Iverson et al. 1987, Tacha et al. 1987, Aborn 2011). Foraging habitat tends to 

include agricultural grains, but habitats such as wetlands, grasslands, and wet pastures are also 

important for providing other nutrients and minerals (Lewis 1979, Armbuster and Farmer 1982, 

Reinecke and Krapu 1986, Rowland et al. 1992). Sandhill Cranes show a preference for foods 

high in carbohydrates during migration, which allows for the synthesis and deposition of lipids 

(Krapu et al. 1985, Reinecke and Krapu 1986). Corn is more available and selected by Sandhill 

Cranes in the Mid-continent Population and Eastern Populations (Lovvorn and Kirkpatrick 1982, 

Krapu et al. 1984), whereas RMP Sandhill Cranes have access to more barley. Other crops, such 

as potatoes and alfalfa shoots, are also consumed in some areas (Kauffeld 1981, Armbuster and 

Farmer 1982, Walker and Schemnitz 1985). Sandhill Cranes will forage on invertebrates and 
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other plant parts in wetlands, wet meadows or pastures, and grasslands during migration and 

these items provide protein, calcium, minerals, and other nutrients that agricultural crops do not 

(Lewis 1979, Walker and Schemnitz 1985, Reinecke and Krapu 1986).  

The San Luis Valley (hereafter, SLV) in south-central Colorado is of key interest for the 

RMP because most of the population is in the SLV during peak migration in spring and autumn 

(Drewien and Bizeau 1974), and it is an area critical to the migratory connectivity of the RMP 

(Donnelly et al. 2021). The RMP is composed solely of the greater Sandhill Crane (A. c. tabida), 

but lesser Sandhill Cranes (A. c. canadensis) from the Midcontinent Population also use this area 

during autumn and spring migration (Krapu and Brandt 2008, Krapu et al. 2011). Sandhill 

Cranes forage primarily on barley in the SLV and roost and loaf along the Rio Grande River and 

other tributaries, as well as wetlands and pastures on both public and private lands. A challenge 

facing the management of the RMP, as well as for people in the SLV and the Intermountain West, 

is the increasingly limited water resources due to over-appropriation, prolonged drought, and 

warming temperatures (Barnett et al. 2005, 2008, Mix et al. 2011, Dettinger et al. 2015). 

Irrigated agriculture is the main economic driver in the SLV (San Luis Valley Development 

Resources Group and Council of Governments 2023), and most fields are irrigated using surface 

water runoff from the surrounding mountain ranges, along with water pumped from underground 

aquifers. Due to increased groundwater pumping in response to prolonged drought and lowered 

aquifer levels in the early 2000s, groundwater subdistricts were created and tasked with bringing 

groundwater levels back to a sustainable level (Rio Grande Basin Roundtable 2015, 2022, Cody 

et al. 2015). An irrigation season also limits the time that most irrigators can divert surface water, 

with diversions generally restricted to between 1 April and 31 October for most users (Rio 

Grande Basin Roundtable 2015). At the same time, public areas in the SLV distribute water on 
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the landscape for migrating waterbirds, including Sandhill Cranes. The Monte Vista National 

Wildlife Refuge has adjudicated water rights to pump and divert water outside the irrigation 

season to provide roosting and foraging habitat for migrating Sandhill Cranes and waterbirds 

(U.S. Fish and Wildlife Service 2015). As a result, water availability differs spatially and 

temporally across the landscape in the SLV and can be dependent on whether property is 

privately or publicly owned. Temperatures are predicted to continue increasing in many parts of 

the Intermountain West, which will further reduce snowpack, the main provider of surface water 

for basins in the Southwest (Llewellyn and Vaddey 2013, Bureau of Reclamation 2021). Earlier 

spring runoff has already been documented (Barnett et al. 2008, Llewellyn and Vaddey 2013), 

which has the potential to create a temporal mismatch between migration patterns and water 

availability in the SLV (Donnelly et al. 2019). Efficient management of water resources on both 

public and private land will thus be important for migrating RMP Sandhill Cranes. 

Examination of RMP habitat selection patterns at a key stopover area will provide a 

better understanding of where and when Sandhill Cranes most utilize habitat and inform how 

habitat could be managed to optimize limited resources (e.g., water) during the migratory period. 

Given continued water limitations, it would also be informative to understand the importance of 

publicly and privately managed lands to Sandhill Cranes, as the habitat management of each will 

likely require different strategies and include different stakeholders. We used Global Positioning 

System (GPS) data to (1) identify habitat attributes and landcover types that influence selection 

of roosting, loafing, and foraging Sandhill Cranes in the SLV, (2) determine if there is a 

preference for private or public lands for roosting and loafing, and (3) identify areas with the 

strongest selection strength throughout the SLV. We estimated the proportion of water and 

sandbar in roosting and loafing areas, along with mean vegetation height within 100 m of 
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Sandhill Crane locations, and distance to the nearest grain field. We also determined the 

ownership type and landcover type of these areas, and the crop type of foraging areas. We 

predicted that surface water would have a positive influence on selection by both roosting and 

loafing RMP Sandhill Cranes. We expected distance to grain and surrounding vegetation height 

to be negatively correlated with roosting and loafing selection, with a stronger selection strength 

in autumn for distance to grain due to the depletion of grain resources closer to roosting and 

loafing sites over time. We also expected Sandhill Cranes to use a greater diversity of landcover 

types while loafing than while roosting, with a greater selection for pastures and grasslands for 

loafing and of open water and wetlands for roosting. Due to limited water resources, we 

predicted Sandhill Cranes to use private areas (i.e., where more water is likely to be available) 

more than public areas for roosting and loafing. Finally, we expected barley to be the crop type 

with the greatest selection strength for foraging cranes in both seasons. 

METHODS 

Study area 

The SLV is in the Upper Rio Grande Basin in southcentral Colorado, situated between the 

San Juan Mountains to the west and the Sangre De Cristo Mountains to the east (Figure 2.1). The 

area of the valley floor is approximately 8,200 km2 and the average elevation is 2,100 m (Emery 

et al. 1969). The average temperature is 6°C but it can range between -20°C and 20°C 

throughout the year (Western Regional Climate Center 2013). Winds primarily come from the 

southwest and are highly variable. Considered an arid region, the SLV receives less than 200 mm 

annually, while the surrounding mountains receive 115 – 127 cm per year (Cooper et al. 2006). 

Hydrology in the SLV is driven by runoff from snowpack in the mountains, along with water 

coming from and discharging to underground aquifers (Emery et al. 1969). The headwaters of the 



64 

Rio Grande River are in the San Juan Mountains, and runoff from this mountain range provides 

80% of the total runoff for the entire Upper Rio Grande Basin (Elias et al. 2015). Peak runoff 

occurs between April and June, but this has been shifting to earlier in the year in the Upper Rio 

Grande Basin and other parts of the Intermountain West (Barnett et al. 2008, Ficklin et al. 2013, 

Chavarria and Gutzler 2018). Monsoonal rains in the summer months can provide additional 

water, but surface water availability generally declines in autumn. 

Agriculture is an important economic industry in the SLV. The main crops grown include 

alfalfa, potatoes, and barley. The main source of irrigation water in the Upper Rio Grande Basin 

comes from the Rio Grande River, but overuse in the last century has led to decreased water 

levels and depleted groundwater supplies utilized to compensate (Rio Grande Basin Roundtable 

2022). Wetlands and wet meadows were historically more abundant throughout the SLV, but now 

they are mostly restricted to state and public lands. Cottonwoods (Populus deltoides) and 

willows (Salix sp.) occur along riparian areas, and emergent vegetation, such as cattails (Typha 

sp.) and bulrush (Scirpus sp.), occur in wetlands. Wet meadows include moist, short grass areas 

near riverine habitat or as part of wetlands, and many occur in areas used for ranching, which is 

also common in the SLV.  

GPS deployment and formatting 

Sandhill Cranes were captured and fitted with global system for mobile communication 

(GSM) platform transmitter terminal (PTT) tags (n = 95; Evolution Series-400, 15-g; Cellular 

Tracking Technologies, Rio Grande, NJ, USA) or global positioning system (GPS) PTT tags (n = 

38; PTT-100, 22-g Solar Argos/GPS PTT, Microwave Telemetry, Columbia, MD, USA). Most 

Sandhill Cranes were captured in wintering areas in New Mexico at the Bosque del Apache 

National Wildlife Refuge and Bernardo Wildlife Area in Valencia and Socorro Counties, but a 
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few were captured in Arizona, Colorado, Idaho, and Montana. Details on the capture methods 

can be found in Collins et al. (2016) and Boggie et al. (2018). Data were acquired at different 

rates between the two types of transmitters, as the original acquisition and use of the transmitters 

were for different projects. The GSM units acquired locations at 15- to 30-min intervals, and we 

resampled these to approximately two-hour intervals. The GPS units were programmed to 

acquire points at scheduled times (07:00, 08:00, 10:00, 14:00, 18:00, 24:00) and applied to data 

gathered between the spring of 2015 and the spring of 2017. The location error for the GSM 

units was ±22 m for the GSM units and ±18 m for the GPS units. 

Sandhill Cranes in the SLV have predictable movement patterns during the autumn and 

the spring and this influenced how we formatted GPS data. Their behavior patterns at different 

times of the day, namely roosting, loafing, and foraging, are also distinct in terms of behavior 

and, generally, habitat preference. We separated locations into either roosting, loafing, or 

foraging, depending on the time of day (Table 2.1) and analyzed models separately for each 

behavior (Suraci et al. 2019). Sandhill Cranes roost along rivers and in wetlands at night and fly 

to foraging locations around sunrise to begin feeding. After about 2-3 hours, flocks will fly to 

nearby wetlands, ditches, pastures, or moist grassy areas to loaf, where they rest, preen, drink 

water, and socialize with some occasional foraging. Approximately 2-3 hours before sunset, they 

will go back to foraging areas before returning to a roost around sunset. These patterns were 

observed in the field, but we also examined trajectories of Sandhill Cranes with transmitters to 

confirm their movement patterns. Based on the examination of trajectories, we considered the 

roosting period to be between one hour after sunset and 1.5 hours before sunrise. However, 

Sandhill Cranes moved an average of 140.52 m (SE = 6.65 m) in autumn and 36.27 m (SE = 1.72 

m) in spring per night, indicating that movement is minimal once they choose a roost. As a result, 
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we used one location per crane per night for each season. We used the location acquired at or 

closest to midnight. We defined the foraging period to be between sunrise and two hours after 

sunrise and between two hours before sunset to sunset. The time in between was the loafing 

period, but we found considerable variation in the average distance moved during this period.  

The average distance between loafing locations within a day was 353.85 m (SE = 14.57 m) in 

autumn and 670.95 m (SE = 25.37 m) in spring. Sandhill Cranes were sometimes observed 

moving to different loafing locations during this timeframe, which likely explains the greater 

movement between these locations. Additionally, the difference in distances between the seasons 

is likely due to within-season and individual variation in when Sandhill Cranes leave and return 

to foraging locations. As a result, we decided to use one loafing location per day per individual at 

or closest to the time of day when movement was minimal, which was around noon. We used all 

locations for the foraging period and resampled them to every two hours.  

Habitat covariates 

To estimate surface water and sandbar for roosting and loafing areas, we used constrained 

spectral mixture analysis (SMA), which is a technique that uses remotely sensed images to 

determine the proportional amount of habitat classes within image pixels (Adams et al. 1995, 

Adams and Gillespie 2006). We used Landsat 8 and 9 satellite imagery corrected for surface 

reflectance for the years 2015-2022. Landsat images have a spatial resolution of 30 x 30 m, so 

our estimates of water and sandbar are the proportion of a pixel classified as those habitat types. 

To determine the fractional amount of habitat classes within pixels of an image, SMA requires 

reference endmembers, which are representative areas composed of pure or well-characterized 

habitat classes. All pixels must also be classified to a habitat type, but it is recommended to not 

use more habitat classes than the number of wavelength bands in an image (Adams and Gillespie 
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2006). We chose the classes shrub, soil, sandbar, water, and vegetation, but our main interests 

were in water and sandbar. For surface water and vegetation, endmembers were generated using 

the median band values of images for each season and year. Although Landsat images are 

available approximately every 16 days, there can be considerable variation in the quality of the 

images due to cloud cover and other factors. To account for this variation, we chose to take the 

median of all images for each season and year during the periods between 1 October and 15 

November for autumn and 15 February and 1 April for spring. These are the primary times in 

which cranes are in the SLV and should be representative of the average conditions in the SLV 

during each season and year. We used the 98th percentile of Normalized Difference Water Index 

(NDWI) values to generate endmembers for each season-year. We used a similar approach for 

vegetation using the Normalized Difference Vegetation Index (NDVI). The endmembers for the 

remaining habitat classes were determined using static endmembers. Based on examination of 

various areas in the SLV, we chose polygons that did not significantly change in band values 

throughout the study period. The proportion of water and sandbar in each 30 x 30 m pixel were 

used in the resource selection analysis. We completed the SMA in the publicly available Google 

Earth Engine (Gorelick et al. 2017). 

Vegetation height was also calculated using remote sensing techniques. We used Light 

Detection and Ranging (LiDAR) data collected in the SLV in 2011. This was the most recent 

source of LiDAR data for the SLV, but we did not expect there to be significant changes between 

then and the time of the study. Total precipitation in 2011 was approximately 17% below average 

in the SLV and 26% below average in the surrounding mountain ranges (Colorado Climate 

Center 2024), which provided relatively dry conditions for collecting elevation data using 

LiDAR. We generated a digital elevation model (DEM) and a digital surface model (DSM) at a 
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spatial resolution of 10 m from the LiDAR data. The DEM was subtracted from the DSM to get 

the height of objects. To smooth out the resulting layer, we used a 3 x 3 cell window around each 

cell and calculated the majority height value within each window. We excluded urban areas from 

this analysis. We then estimated the mean vegetation height within a circular buffer with a 100 m 

radius around each used and available crane location (Boggie et al. 2018). 

Distance to the nearest grain field was identified using data from the Rio Grande Water 

Conservation District (RGWCD) and the Cropland data layer from the National Agricultural 

Statistics Service (NASS). The RGWCD completes an annual census of crop types in the 

counties of Rio Grande, Alamosa, and Saguache. We used the Cropland data layer for Costilla 

County. We considered all the most dominant grain types (i.e., barley, rye, triticale, and wheat) 

and other grains (e.g., corn) that were not as prevalent. We also identified the crop types used by 

foraging Sandhill Cranes and included the classes: potatoes, alfalfa, grains, pasture, and other 

crops. 

We classified used and available locations for the roosting and loafing period into other 

landcover types and into public or private property. We used both the RGWCD and the National 

Landcover Database (NLCD) from 2016 (Dewitz 2019) and 2019 (Dewitz 2021) to determine 

landcover type: grassland, open water, pasture, wetland, and other. We used the 2016 NLCD data 

layer for crane locations from the years 2015 to 2017 and the 2019 NLCD layer for the 

remainder of the years.  

Resource selection functions and habitat availability 

We designed our study based on a use-availability framework to develop resource 

selection functions (RSF). A resource selection function estimates the selection strength by 

comparing a set of used locations, which were defined above, to a set of available locations 
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(Boyce and McDonald 1999, Manly et al. 2002). Habitats or resources that are used 

disproportionately to availability are “selected” by that animal (Johnson 1980, Boyce et al. 2002, 

Manly et al. 2002). To define the available distribution, we examined the average and median 

distances that RMP Sandhill Cranes moved between roosting or loafing locations on days for 

each season (Table 2). Distances were heavily skewed right for both periods and seasons. While 

the median values indicated that individuals typically moved within 1 km of roosting or diurnal 

locations between consecutive days, the average values represent cranes that moved greater 

distances as they likely continued to migrate south or north in the SLV. We wanted to encapsulate 

their ability to move greater distances between days, so we used a 5,000 m buffer around each 

used location to define the available area for all periods. Although individuals moved less 

between roosting and loafing areas in autumn than in spring, we decided to keep the available 

area consistent between seasons. We further restricted the available area for roosting and loafing 

locations to only include areas defined by a wetland polygon layer that delineated wetland, 

riparian, and wet meadow features (Figure 2.1). This also allowed for a more accurate estimation 

of some habitat features and excluded areas likely not used by roosting or loafing Sandhill 

Cranes. For each used location, individual, season, and year, we randomly placed 20 available 

locations within the 5-km buffered region (Pearse et al. 2021).  

We built RSFs using generalized linear mixed effects models with random intercepts for 

each step and random slopes for each individual (Muff et al. 2019). Including random intercepts 

accounts for the unequal number of used and available locations per individual (Gillies et al. 

2006, Muff et al. 2019), while random slopes allow for individual variation on selection (Gillies 

et al. 2006, Hebblewhite and Merrill 2008). For roosting and loafing periods, we examined 

models that included landcover types as dummy covariates (i.e., 1 if the location was the 
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specified landcover type, 0 otherwise), along with ownership type as a dummy covariate (i.e., 1 

if location was specified as private, 0 otherwise). We included the habitat covariates proportion 

of water, proportion of sandbar, vegetation height, and distance to the nearest grain field. We 

examined both a linear effect of water and a quadratic effect of water, but we did not include any 

other interactions. We used a GLMM with a Poisson distribution and a log link. While the 

response variable is still binary (i.e., 1 for present, 0 for absent), the Poisson model with stratum-

specific intercepts is equivalent to a conditional logistic regression model often used for habitat 

selection studies (McCullagh and Nelder 1989, Muff et al. 2019). Additionally, recent habitat 

selection studies refer to modeling selection as a function of location-specific covariates as step-

selection functions (e.g., Fieberg et al. 2021), but we opted to keep the term resource selection 

function, as we were not examining a trajectory or step lengths. We used Akaike’s Information 

Criterion (AIC) to compare models (Akaike 1973, Burnham and Anderson 2002). To examine 

covariate effects on selection strength, we removed the intercept from the top model, applied the 

coefficients to the observed values of the covariate of interest while holding the other covariates 

at their mean (i.e., zero), and exponentiated (Muff et al. 2019, Fieberg et al. 2021). We used the 

delta method to estimate the variance of the prediction. Next, we used a method described by 

Fieberg et al. (2021) to calculate the likelihood of a sandhill crane selecting one landcover type 

over another. Specifically, we calculated selection (above) across all observed covariate values 

and combinations, summed this value across all locations for the landcover type of interest, and 

divided it by the sum of selection for each of the other landcover types. Finally, using the 

population-level coefficient estimates to identify areas in the SLV where RMP Sandhill Cranes 

are most likely to roost and loaf, we projected our models to the most recent year (2022) of 
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environmental data across the SLV. We applied each of the top models for roosting and loafing to 

the entirety of the SLV and identified areas with relatively high selection strength. 

Because we did not have continuous, measurable covariates for foraging areas, we only 

examined how crop type (alfalfa, potatoes, barley, rye, triticale, wheat, wetland, pasture, other 

crops) influenced selection in autumn and spring. We predicted that grains would have the 

greatest selection strength for both seasons, with barley being the highest, followed by other 

grains, and then potatoes, alfalfa, and pastures. 

Model validation 

We used methods from Boyce (2002) to ensure that our roosting and loafing models had 

good predictive capabilities using covariates from the top models. We used cross-validation by 

splitting the dataset into training and testing datasets, where 80% of the data was randomly 

assigned to the training dataset and the remainder was assigned to the testing dataset. The 

training data were used in the top model for each season, and the resulting model generated 

predictions using the testing data (Boyce et al. 2002, Fieberg et al. 2018). This was repeated for 

1,000 iterations. We then examined the correlation between the expected and the observed 

observations and considered a value >0.90 to indicate a model with adequate predictive 

capabilities. We did not complete predictive checks for foraging models because we were only 

able to examine one covariate on selection and did not have continuous covariates.  

Functional response 

We used methods described by Holbrook et al. (2019) to examine if use of roosting and 

loafing areas changed with availability on public or private lands. We first converted proportion 

of water to area by multiplying NDWI values by 900 m2, and we summed the total area each for 

used and available points on public and private lands for all individual Sandhill Cranes. We used 
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approach 2 described in Holbrook et al. (2019) and fit a general linear model (GLM) with the log 

of water area at used points as the response variable and the log of water area at available points 

as the explanatory variable. We also included ownership type and fit both an additive model and 

a model with an interaction between water area and ownership type. A slope of 1 for the 

covariates indicated selection of water (or ownership type) proportional to its availability, but a 

significant deviation from 1 indicates increasing or decreasing selection as availability increases. 

RESULTS 

The roosting model with a quadratic effect of water performed better than the model with 

a linear effect for both seasons. The proportion of water had a positive effect on selection in both 

seasons (Figure 2.2, Figure 2.3A), while the proportion of sandbar also had a positive effect 

(Figure 2.2). Vegetation height had a negative effect on selection for both seasons, but there was 

a stronger effect in autumn than in spring (Figure 2.2, Figure 2.4A). Selection strength dropped 

to zero above approximately 2.5 m in height in autumn, while there appeared to be a greater 

tolerance for taller vegetation in spring. Distance to the nearest grain field had a negative effect 

on selection (Figure 2.2, Figure 2.5A), but the effect was stronger in autumn than in spring. 

Selection for private land was higher than for public land (Figure 2.2). For both autumn and 

spring, RMP sandhill cranes were more likely to roost on open water than other landcover types, 

followed by wetland habitat (Table 2.3, Figure 2.2).  

The loafing model with a quadratic effect of water performed better than the model with a 

linear effect for both seasons. Covariate effects on selection for loafing areas followed similar 

patterns as for roosting except for proportion of water and landcover type (Figure 2.2). In 

autumn, selection for the proportion of water peaked around 50% water, while it peaked around 

30% water in spring (Figure 2.3B). Vegetation height had a negative effect on selection for both 
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seasons (Figure 2.2, Figure 2.4B). Distance to the nearest grain field also had a negative effect on 

selection similar to roosting, but selection dropped to zero more quickly (Figure 2.2, Figure 

2.5B). Selection for private land was higher than for public land (Figure 2.2). For both autumn 

and spring, RMP sandhill cranes were more likely to loaf on wetlands than other landcover types, 

followed by pastures (Table 2.3, Figure 2.2).  

Several areas showed a relatively high selection strength for both roosting and loafing in 

both seasons (Figure 2.6). Using Figure 2.6, the MVNWR showed a greater area of locations 

with high selection strength than the reference private area along the Rio Grande River in spring, 

but this pattern was less pronounced in autumn. There were fewer and smaller areas that showed 

a high selection strength for loafing across the SLV. Compared to roosting, loafing areas of 

moderate to high selection strength were more dispersed throughout the mapped region.  

From the foraging model, for both seasons, selection was highest for grain crops overall, 

but there was a difference in the types of grain that had the highest selection strength between 

autumn and spring (Figure 2.7). While barley had the highest selection strength in both seasons, 

other grains and triticale also had relatively high selection strengths in autumn. Selection for 

these grains was lower in spring. There was also higher variability among individuals in 

selection for grains other than barley. Compared to wheat and rye, potatoes, pasture, and alfalfa 

had higher selection strengths in both seasons, but their confidence intervals overlapped.  

Model validation 

Overall, our models showed a relatively high predictive accuracy with the exception of 

the autumn roosting model. The correlation coefficient between the expected and observed RSF 

values for the roosting models were 0.66 and 0.92 for the autumn and spring models, 

respectively. The loafing models showed correlations of 0.94 for autumn and 0.95 for spring.  
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Functional response 

We detected a functional response to water based on the ownership type for roosting 

selection in both autumn and spring but not for loafing selection (Figure 2.8). In all cases except 

spring roosting, the model with an interaction between water area and ownership type did not 

improve model fit, so interpretations are from the additive models (Table 2.4). For autumn 

roosting, use was proportional to availability for both private and public land, but the rate of 

increase declined as availability increased. There was also higher use on private than public land 

(Figure 2.8). We found that use also increased as water availability increased on public lands in 

spring, but use declined with increasing availability on private land, indicating avoidance of 

private lands and a stronger preference for public lands with increasing surface water for roosts. 

For the loafing period, we found little evidence of use as a function of availability. There was a 

slight apparent increase in the area used for private over public lands in autumn but no difference 

in spring. 

DISCUSSION 

Our results on the resource selection of roosting, loafing, and foraging RMP Sandhill 

Cranes in the SLV provide information on the habitat features important to this species during 

autumn and spring migration. The direction of the effects of vegetation height and distance to the 

nearest grain field were similar among roosting and loafing RMP Sandhill Cranes, but we found 

slight differences in their preference for the proportion of water and landcover type between 

roosting and loafing. In general, RMP Sandhill Cranes preferred to roost and loaf in wet areas 

with short vegetation and close to grain fields. Roosting cranes showed a stronger selection for 

open water and wetlands, whereas wetlands and pasture were more preferred for loafing. There 

were also several differences in the strength of selection when comparing autumn to spring. 
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Additionally, ownership type played an important role in selection and indicated that both public 

and private lands provide roosting and loafing habitat at different times of the year. 

Consistent with other studies, vegetation, water, and sandbar influenced selection by 

roosting and loafing Sandhill Cranes in the SLV. Vegetation height had a negative influence on 

selection for roosting and loafing selection and in both seasons, which agreed with our 

hypothesis. Surrounding vegetation heights below 2.5 m within 100 m of roosting and loafing 

locations had the highest selection strength in autumn, while there appeared to be a greater 

tolerance for taller (but still < 5 m) vegetation in spring. Vegetation could include emergent 

vegetation, shrubs, and or trees along riverine habitats. Sandhill cranes rely on vision to detect 

predators or disturbance, so having relatively short vegetation is likely ideal (Krapu et al. 1984, 

Pearse et al. 2017). Additionally, areas with a greater proportion of water positively influenced 

selection for roosts and loafing areas, but selection strength peaked around 25 to 50% for loafing 

areas. Other studies have identified shorter vegetation heights with wide channel or bank widths 

and shallow water being selected by roosting Sandhill Cranes (Kauffeld 1981, Krapu et al. 1984, 

Folk and Tacha 1990, Pearse et al. 2017, Boggie et al. 2018). For example, Pearse et al. (2017) 

and Krapu et al. (1984) found that roosting Sandhill Cranes tended to select for areas with 

vegetation height no taller than approximately 8 m. Loafing RMP Sandhill Cranes also preferred 

areas with shorter vegetation, but the combination of a positive effect of sandbar and a peak in 

the selection of proportion of water may indicate dryer conditions than roosting areas. While we 

were not able to measure water depth directly, a mix of water and sandbar might represent 

shallow water (Iverson et al. 1987). Sandhill Cranes at other staging areas tend to roost in water 

depths < 30 cm (Kauffeld et al. 1982, Norling et al. 1992), and it is likely they also loaf in areas 

with shallow water. Boggie et al. (2018) found that RMP Sandhill Cranes used roosting areas 
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with a greater proportion of sandbar in their wintering areas, but they did not explicitly examine 

loafing areas. Although our results are consistent with RMP Sandhill Cranes selecting dryer areas 

when loafing than when roosting in the SLV, the presence of water was still an important factor. 

We found distance to grain fields to be influential for both roosting and loafing RMP 

Sandhill Cranes, with selection decreasing with increasing distance from grain fields. Having 

both roosting and loafing areas close to foraging areas can reduce energy expenditure during 

migration (Sparling and Krapu 1994, Jankowiak et al. 2015), which is a time when maintaining 

adequate energy reserves may be important for reproduction or survival (Ankney and MacInnes 

1978, Alisauskas 2002, Devries et al. 2008). At the same time, we expected the magnitude of the 

effect to differ between autumn and spring, as resources (i.e., waste grain) become depleted 

closer to roosting and loafing areas. We only found this to be true for roosting areas but not 

loafing areas. For autumn roosting and loafing and spring loafing, distances >5 km showed a 

selection strength near zero, whereas the decline was more gradual for spring roosting. A 

distance of 5 km has been shown to be the maximum distance greater Sandhill Cranes from other 

populations travel between roosting or loafing areas and foraging areas (Sparling and Krapu 

1994, Ivey et al. 2015, Boggie et al. 2018). Collins et al. (2023) also found that wintering greater 

Sandhill Cranes from the Lower Colorado River Valley population flew further (up to 10 km) to 

grain than other potential foraging sites. We found that RMP Sandhill Cranes seemed to select 

roosts further from grain fields than when they select loafing sites, particularly in spring. 

Traveling shorter distances during the day, rather than going back to roosts, can also help 

Sandhill Cranes reduce energy expenditure (Collins et al. 2023). Loafing areas allow Sandhill 

Cranes to forage on other food sources (e.g., invertebrates) that provide nutrients (e.g., protein, 

calcium) less available in agricultural foods (Reinecke and Krapu 1986, Ballard et al. 2000). 



77 

Sandhill Cranes engage in other important behaviors during migration, such as courtship, 

preening, and drinking water, that are often observed more frequently during the loafing period 

(Tacha 1981, Tacha et al. 1987). Our results provide additional evidence that having adequate 

foraging areas nearby is important for both roosting and loafing RMP cranes in the SLV.   

Roosting and loafing Sandhill Cranes showed preferences for certain landcover types in 

the SLV, and public and private land both played important roles in each season. For roosting, the 

highest selection strength was for open water compared to other landcover types in both seasons, 

and selection was higher for private areas than public areas overall. For loafing, pastures or 

wetland areas were more likely to be selected than open water, and private areas had a higher 

selection strength. Sandhill Cranes have been documented roosting or loafing in areas identified 

as pasture, wet meadows, and grasslands in other studies (Krapu et al. 1984, Iverson et al. 1987, 

Davis 2003). These areas are generally characterized by shallow water with relatively short 

vegetation. The use of open water areas for roosting may further emphasize preference for 

relatively unobstructed views and deeper water during this time of the day. Additionally, 

selection for open water areas was slightly stronger in autumn than in spring, which may be due 

to water availability. Water is more limited during autumn and could be restricted to more 

permanent or semi-permanent water bodies. While selection strength was higher for private 

areas, public areas like the MVNWR are better able to specifically manage water for roosting 

Sandhill Cranes (U.S. Fish and Wildlife Service 2015, Wetland Dynamics 2019), which may be 

particularly beneficial for Sandhill Cranes during autumn.  

We detected a functional response to surface water availability by roosting, but not 

loafing, RMP Sandhill Cranes on both public and private land. Our results showed that as water 

availability increased during the roosting period, selection also increased on both public and 



78 

private land in autumn. We found a similar pattern for roosting RMP Sandhill Cranes in spring 

for public land but use decreased with availability on private land. Our results suggest that public 

areas are preferred for roosting in spring, as the functional response indicates a preference for 

water on public land (Holbrook et al. 2019). Availability, however, may be driving the use of 

private property, as more surface water is available on privately managed property. Despite the 

high availability of water available on private areas in spring, there appears to be a preference for 

public areas for roosting RMP Sandhill Cranes. For loafing RMP Sandhill Cranes, use did not 

change with availability on public or private land.  

Grains were the dominant crop type used by foraging RMP Sandhill Cranes in both 

seasons, but barley was not the only important grain type, which was inconsistent with our 

original hypothesis. Autumn RMP Sandhill Cranes showed their highest selection strength for 

barley followed by triticale, while probability was highest for barley in spring. Grains provide a 

high amount of carbohydrates, which are used to synthesize the deposition of lipids, and often 

dictate Sandhill Crane distribution throughout their range (Anteau et al. 2011, Boggie et al. 2023, 

Collins et al. 2023). Migrant Sandhill Cranes in other populations also consume a diet high in 

carbohydrates and primarily select agricultural grains, including corn and wheat (Krapu et al. 

1984, Anteau et al. 2011). The difference in the use of triticale in the SLV between spring and 

autumn is likely due to availability. Of the grains grown in the SLV, triticale makes up only 

approximately 1% of the total crop area (Rio Grande Water Conservation District 2022). Given 

the relatively low amount of triticale grown, these fields may be depleted soon after the arrival of 

Sandhill Cranes in autumn, leaving less triticale available the following spring. Preference for 

triticale may also be due to the chemical and physical properties of the grain type. Barley and 

triticale have similar energetic contents, but they can differ in carbohydrate content and other 
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chemical characteristics (Rodehutscord et al. 2016, Siegert et al. 2022), which may make triticale 

more favorable than barley to Sandhill Cranes.  

While our study focused on the population-level decision patterns of RMP Sandhill 

Cranes, other methods exist that could elucidate individual-level behaviors related to habitat 

selection. Several covariates, including vegetation height and landcover type, showed high 

variation across individuals, indicating that other factors may influence selection by RMP 

Sandhill Cranes. For example, if pairs of Sandhill Cranes are successful breeders, their offspring 

will generally stay with the parents until the following spring (Gerber et al. 2020), and adults 

with young in autumn may select habitat differently than those without young. Additionally, 

another important consideration is body condition, or the overall health of an individual bird. 

Body condition can influence habitat selection and overall stopover time, as birds may need to 

remain at a stopover until they reach a threshold in energetic content and may select habitats that 

more rapidly increase their lipid accumulation (Hedenström and Alerstam 1997, Alerstam and 

Hedenström 1998, Eikenaar and Schläfke 2013). Further examination of individual-level habitat 

use patterns in the future will add to the growing body of work on Sandhill Cranes land use 

patterns.  

Finally, we recognize that there are limitations to our models and acknowledge several 

other methods exist to determine habitat selection. Our analysis and model building were specific 

to the SLV in Colorado, and caution should be taken if extrapolating the RSF to other areas. 

Additionally, we were not able to provide a measure of accuracy in our estimates of habitat 

covariates (e.g., surface water) derived using SMA. Several other studies have utilized SMA to 

determine habitat use by animals using similar methods and have reported a high degree of 

accuracy (Donnelly et al. 2020, Bunting et al. 2022). At the same time, our approach to 
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validating our models showed a high degree of predictive ability in the SLV for spring roosting 

and both autumn and spring loafing Sandhill Cranes, which may indicate that our estimates for 

surface water and other covariates are suitable for predicting roosting and loafing areas for 

Sandhill Cranes in the SLV. However, the low predictive ability of the autumn roosting model 

could be due to missing covariates that may better explain roost selection during this time, such 

as disturbance from hunting for waterfowl or other covariates that may better explain roosting in 

autumn. There are several covariates that we did not consider due to a lack of data availability, 

but future work could assess the effects of attributes such as channel width and wetland type on 

habitat selection (Iverson et al. 1987, Pearse et al. 2017). 

In summary, we identified habitat features important in the selection by RMP Sandhill 

Cranes for roosting, loafing, and foraging. We also found that ownership type was an important 

factor to consider, indicating that habitat characteristics and availability differ between public 

and private lands. Sandhill Cranes in the SLV are selecting for roosting and loafing areas with 

short vegetation (< 10 m), close to grain fields (< 5 km), and with >25% open water in both 

autumn and spring and showed a preference for open water areas, wetlands, and pastures. Our 

functional response analysis also indicated that RMP Sandhill Cranes select more strongly for 

public areas for roosting as water becomes more available.  

Understanding the factors that drive habitat selection is important because habitat quality 

and resources may influence fitness components of populations (Alisauskas 2002, Devries et al. 

2008, Sedinger and Alisauskas 2014, Matthiopoulos et al. 2015). As a long-lived bird, Sandhill 

Cranes may be particularly susceptible to habitat changes that affect their ability to meet 

energetic demands during migration. It is also informative for land managers when resources are 

limited or costly to obtain and manage. Resources and jurisdictions are often limited for either 
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private landowners or state and federal agencies managing property, which may reduce habitat 

availability for some species. Management on federal lands in the SLV, for example, is largely 

focused on Sandhill Cranes and waterfowl, but ranching and grazing greatly influence habitat on 

private lands even if water is available. Ultimately, we found that both public and private lands 

are important for the resource selection of RMP Sandhill Cranes, particularly for roosting and 

loafing cranes, and at different times of the year. Although we did not consider specific 

management actions, selection for public lands, particularly in spring, may indicate that 

management on public areas is providing the necessary resources migrating Sandhill Cranes 

need, particularly for roosting. At the same time, when roosting and loafing habitats are limited 

on public lands, private areas can provide appropriate habitat conditions throughout the year.  
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TABLES AND FIGURES 

Table 2.1: The number (n) of unique telemetered RMP Sandhill Cranes and the mean number (𝑥̅) 
and standard deviation (SD) of roosting, loafing, and foraging locations they used in the San Luis 
Valley, Colorado.  

  Roosting   Loafing   Foraging  

Year n 𝑥̅ SD n 𝑥̅ SD n 𝑥̅ SD 

Autumn          

2015 9 16.44 10.22 10 11.80 6.27 11 36.55 20.09 

2016 14 18.71 14.90 14 17.07 13.05 14 25.29 14.79 

2017 9 22.78 16.98 9 25.67 12.48 10 37.30 25.31 

2018 6 16.00 11.61 7 31.86 12.06 10 86.60 65.75 

2019 10 18.90 13.06 15 29.27 19.90 17 102.65 80.82 

2020 12 19.00 13.54 27 27.56 19.37 32 100.81 78.72 

2021 14 24.57 19.96 16 31.56 22.71 22 95.09 94.07 

2022 9 23.00 18.52 9 31.00 15.39 12 108.08 75.65 

Spring          

2015 29 13.86 8.86 26 12.69 7.58 29 41.17 22.77 

2016 23 12.78 12.30 21 16.14 12.68 21 30.52 12.03 

2017 16 14.19 10.89 15 16.80 9.58 15 32.00 17.99 

2018 14 16.07 12.33 15 26.47 12.11 14 70.14 51.55 

2019 13 13.92 14.14 10 21.10 7.67 13 75.46 41.91 

2020 46 19.89 14.79 46 22.91 13.69 48 94.02 53.76 

2021 57 23.00 13.71 56 24.43 13.05 57 104.39 50.09 

2022 31 19.90 15.07 29 22.52 11.30 31 96.68 54.18 
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Table 2.2: The mean and median distances (m) telemetered RMP Sandhill Cranes moved 
between consecutive days (i.e., < 1.5 days apart) during autumn and spring migration in the San 
Luis Valley, Colorado. 

Season Period Mean distance (95% CI) Median distance 

Autumn Roosting 2,419.39 (2,226.82, 2,611.96) 157.46 

Diurnal 2,130.86 (1,943.72, 2,318.001) 666.62 

Spring Roosting 5,165.03 (4,807.02, 5,523.04) 373.96 

Diurnal 4,457.451 (4,162.745, 4,752.16) 1100.66 
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Table 2.3: The likelihood of Rocky Mountain Population Sandhill Cranes roosting or loafing in 
one landcover type (rows) over another landcover type (columns) based on the top performing 
selection model and using methods described by Fieberg et al. (2021). Values with asterisks 
represent ratios where the value is greater than one, indicating the landcover type in the row is 
more likely to be selected than the landcover type in the column. 

  wetland grassland open water other pasture   

wetland 1.00 21.57* 0.27 39.64* 25.07* 

autumn 

roosting 

grassland 0.05 1.00 0.01 1.84* 1.16* 

open water 3.74* 80.66* 1.00 148.26* 93.77* 

other 0.03 0.54 0.01 1.00 0.63 

pasture 0.04 0.86 0.01 1.58* 1.00 

wetland 1.00 45.33* 0.90 10.83* 4.62* 

spring 

roosting 

grassland 0.02 1.00 0.02 0.24 0.10 

open water 1.11* 50.24* 1.00 12.01* 5.12* 

other 0.09 4.18* 0.08 1.00 0.43 

pasture 0.22 9.81* 0.20 2.34* 1.00 

wetland 1.00 22.13* 33.72* 4.72* 3.18* 

autumn 

loafing 

grassland 0.05 1.00 1.52* 0.21 0.14 

open water 0.03 0.66 1.00 0.14 0.09 

other 0.21 4.69* 7.15* 1.00 0.67 

pasture 0.31 6.95* 10.60* 1.48* 1.00 

wetland 1.00 51.14* 29.17* 4.02* 4.81* 

spring 

loafing 

grassland 0.02 1.00 0.57 0.08 0.09 

open water 0.03 1.75* 1.00 0.14 0.16 

other 0.25 12.73* 7.26* 1.00 1.20* 

pasture 0.21 10.63* 6.06* 0.84 1.00 
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Table 2.4: Coefficient (β) estimates and their standard errors for the effect of area of water 
available on the area of water used by roosting and loafing RMP Sandhill Cranes in the San Luis 
Valley, Colorado (2015-2022) during the autumn and spring. 

 Water area β Ownership β Water area*ownership β 

Autumn roosting 0.58 (0.22) 1.37 (0.49) NA 
Spring roosting 0.52 (0.17) 2.88 (1.21) -0.94 (0.35) 
Autumn loafing 0.08 (0.10) 1.10 (0.38) NA 
Spring loafing 0.06 (0.09) 0.33 (0.35) NA 
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Figure 2.1: The study area used by greater Sandhill Cranes during autumn and spring, 2015-
2022. The solid black line outlines the San Luis Valley, and the light gray lines outline the Rio 
Grande Basin. Within the San Luis Valley, the dark gray indicates private areas and the light gray 
indicates public areas. 
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Figure 2.2: The effect of covariates on the selection strength of (A) roosting and (B) loafing areas 
by Rocky Mountain Population Sandhill Cranes in the San Luis Valley, Colorado 2015-2022 in 
autumn (●) and spring (▲). The reference level for landcover types (open water, pasture, 
grassland, other, and wetland) is wetland. The dashed vertical line represents zero, and the 
horizontal bars represent 95% confidence intervals. Covariates were scaled to have a mean of 
zero and standard deviation of one.  
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Figure 2.3: The effect of proportion of water on selection by (A) roosting and (B) loafing greater 
Sandhill Cranes during autumn (solid line) and spring (dashed line) migration in the San Luis 
Valley, Colorado, 2015-2022. The shaded regions are 95% confidence intervals. The y-axes are 
scaled differently. 
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Figure 2.4: The effect of vegetation height on selection by (A) roosting and (B) loafing greater 
Sandhill Cranes during autumn (solid line) and spring (dashed line) migration in the San Luis 
Valley, Colorado, 2015-2022. The vertical bars are 95% confidence intervals. The y-axes are 
scaled differently. 
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Figure 2.5: The effect of distance to the nearest grain field on selection by (A) roosting and (B) 
loafing greater Sandhill Cranes during autumn (solid line) and spring (dashed line) migration in 
the San Luis Valley, Colorado, 2015-2022. The vertical bars are 95% confidence intervals. The y-
axes are scaled differently. 
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Figure 2.6: The selection strength for roosting and loafing areas across two example areas in the 
SLV during the autumn and spring of 2021. The public property is the Monte Vista National 
Wildlife Refuge (left), while the private property is along the Rio Grande River (right). 
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Figure 2.7: The effect of covariates on the selection strength of foraging areas by Rocky 
Mountain Population Sandhill Cranes in the San Luis Valley, Colorado 2015-2022 in autumn (●) 
and spring (▲). The reference level for landcover type was wetland. The dashed vertical line 
represents zero, and the horizontal bars represent 95% confidence intervals.  

  



93 

 

Figure 2.8: The log of the mean area of water used by roosting and loafing greater Sandhill 
Cranes as more water becomes available on private (solid line) and public (dashed line) land in 
the San Luis Valley, Colorado, 2015-2022. The reference line has a slope of 1 and represents use 
in proportion to availability.  
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CHAPTER 3 – SANDHILL CRANE FORAGING HABITAT SELECTION DURING SPRING 
AND AUTUMN MIGRATION IN AN AGRICULTURALLY DOMINATED STOPOVER 

INTRODUCTION 

Land use change around the world has created areas dominated by agriculture with 

refugia for wildlife interspersed throughout (Abraham et al., 2005; Krapu et al., 2004). While 

many species have declined or shown changes in distribution due to increases in farmland in the 

U.S. and Europe (Krebs et al., 1999; Stanton et al., 2018), a few species, such as cranes and 

waterfowl, now regularly use or rely on forage provided by agricultural crops at certain times of 

the year (Alisauskas and Ankney, 1992; Austin et al., 2018; Clausen et al., 2018; Ely and 

Raveling, 2011; Krapu et al., 1984). The reliance on agricultural forage is high enough that some 

population changes, distributional shifts, and variation in individual body condition have been 

linked to changes in agricultural area and practices (Abraham et al., 2005; Austin et al., 2018; 

Clausen et al., 2018; Fox et al., 2005; Moore et al., 2023). Agricultural crops can provide 

nutrients that are important to birds throughout their annual cycle (Ely and Raveling, 2011; Fox 

and Abraham, 2017). Understanding how agricultural areas influence the distribution and habitat 

use of certain species is of interest to inform management and to anticipate population responses 

to future landscape changes.  

Agroecosystems are generally exploited by migrating birds due to the availability of 

foods high in energy and nutrients needed for migration, survival, and reproduction (Fox and 

Abraham, 2017; Overton and Casazza, 2023). Agriculture can offer foods that are consistently 

available each season, easily attainable and digestible, and high in energy and crude protein 

content that allow for rapid nutrient reserve accumulation (Fowler et al., 2020; Fox and 

Abraham, 2017; Prop and Black, 1998). For example, foods high in carbohydrates allow for lipid 
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deposition (Krapu et al., 1985), which provides some of the energetic demands needed during 

migration and egg production and is linked to reproductive success the following breeding 

season for some species (Alisauskas, 2002; Devries et al., 2008). Several studies have 

documented nonbreeding waterfowl and several crane species using and selecting corn (Zea 

mays), small grains, and other crop types, including rice (Oryza sp.), potatoes (Solanum 

tuberosum), and pastures, over natural foods (Alonso et al., 2008; Boggie et al., 2018a; Ely and 

Raveling, 2011; Gates et al., 2001). Diet studies have also shown that crops make up a majority 

or a significant proportion of the esophageal contents of some migrating birds in cases where 

natural foods (i.e., other plant and animal matter) exist and are also being consumed (Ballard and 

Thompson, 2000; Hemminger et al., 2022; Krapu et al., 2014). Grains in particular are often 

higher in fat, protein, and metabolizable energy compared to some natural foods, and require less 

handling time to find and consume (Fox and Abraham, 2017). There is evidence that several 

populations of cranes and waterfowl have shorter migrations and winter closer to their breeding 

grounds than they did historically due to the expansion and reliance of agricultural grains along 

with a decline in area of habitats with natural foods, such as wetlands (Alonso et al., 2008; Fox et 

al., 2005; Fronczak et al., 2017). 

Crop dynamics coupled with other natural seasonal variations can influence the migration 

patterns of birds in stopover areas where agroecosystems make up most of the available habitat. 

Stopovers are areas birds use to rest and refuel during migration (Schmaljohann et al., 2022; 

Warnock, 2010), and migratory birds will use stopovers for variable lengths of time depending 

on the species, individual condition, and the time of the year (Duijns et al., 2019; Karlsson et al., 

2012; Nilsson et al., 2013). Selection theory predicts that individuals will use habitat that will 

maximize fitness potential (Fretwell, 1969), and during migration this should mean choosing 
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habitat at a stopover that minimizes energetic output and maximizes energetic intake and nutrient 

storage (Alerstam and Lindström, 1990). In areas where migratory birds may stage for a 

considerable amount of time, changes in selection or use often occur in response to changing 

individual needs, the availability of certain food types, and competition (Collins et al., 2017; Ely 

and Raveling, 2011; English et al., 2017; Frederick and Klaas, 1982). For example, many 

migrating geese and waterfowl switch from a diet comprised of a significant amount of high 

energy foods in winter to one with a higher amount of protein in spring (Ely and Raveling, 2011; 

Hitchcock et al., 2021), which is important for the formation of eggs, body maintenance during 

incubation, and lipid transport (Afton and Ankney, 1991; Alisauskas and Ankney, 1985; Hepp et 

al., 1987; McWilliams et al., 2004). Other factors, such as the availability of certain foods over 

time, also influence habitat use (Askren et al., 2022; Combs and Fredrickson, 1996). Well-

studied examples are the timing of harvest and postharvest treatment, which can influence the 

availability of seeds and other plant parts (Anteau et al., 2011; Baldassarre et al., 1983; Sherfy et 

al., 2011). For example, tilling fields (e.g., by discing or chiseling) can reduce the amount of seed 

available to granivores (Sherfy et al., 2011), and studies have shown birds preferring non-tilled 

(i.e., idle) crop fields over tilled (Baldassarre et al., 1983, Anteau et al., 2011, Matthews et al., 

2022). 

Sandhill cranes (Antigone canadensis) throughout North America use specific stopover 

areas every year, and many of these stopovers are dominated by agriculture. The Rocky 

Mountain Population (RMP) of greater sandhill cranes (A. c. tabida), for example, uses the San 

Luis Valley (SLV) in southcentral Colorado each spring and autumn as a stopover area for up to a 

month (Donnelly et al., 2021; Vanausdall et al., 2024). The RMP numbers approximately 23,000 

individuals on average, but the most recent estimate was at 27,000 (Thorpe et al., 2024). 
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Approximately 5,000 lesser sandhill cranes (A. c. canadensis) from the Midcontinent Population 

(MCP) also utilize this area during migration each year (Krapu et al., 2011). Staging sandhill 

cranes roost in wetlands and habitat along rivers and creeks at night and feed in agricultural 

fields during the day. They primarily feed in barley (Hordeum vulgare) fields or less abundant 

grains, such as triticale (Triticum aestivum x Secale cereale), after harvest in September through 

October, but they have also been observed using pastures, alfalfa, and potatoes for loafing and 

foraging (Kauffeld, 1981). The Monte Vista National Wildlife Refuge (MVNWR) in the SLV 

provides roosting habitat and supplemental forage in the form of approximately 90 ha of barley 

for sandhill cranes and other migrant waterfowl each year. Sandhill cranes tend to prefer foraging 

areas within 2-5 km of roosting sites (Ivey et al., 2015; Pearse et al., 2017). Minimizing the 

amount of commuting time between areas reduces energetic expenditure (Austin and Humburg, 

1992; Norberg, 1996), which allows individuals to better maintain nutrient reserves during 

stopover (Pearse et al., 2010). Thus, an important management practice in the SLV and other 

stopover areas for sandhill cranes is to ensure that there is adequate foraging habitat adjacent to 

roosting areas. 

Several documented and potential future changes may influence how sandhill cranes 

utilize the SLV, which could ultimately affect their distribution and ability to acquire nutrient 

reserves. Barley is a major crop type in the SLV, but the amount of barley harvested in the SLV 

has declined by approximately 60% in the last 20 years and barley sales have declined in the last 

few decades (USDA National Agricultural Statistics Service Cropland Data Layer, 2023). At the 

same time, prolonged drought and a decrease in water availability have made growing irrigated 

crops more expensive and intensive in the SLV and other parts of the Intermountain West (Mix et 

al., 2011, 2010). The SLV is a snowpack driven region, with most of the water input coming 
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from snowmelt in the surrounding mountain ranges (Emery 1969). Increasing temperatures have 

reduced snowpack and increased the growing degree days in the SLV (Barnett et al., 2005; Mix 

et al., 2010; Pederson et al., 2011; Ray et al., 2008). Barley and potatoes are relatively high in 

their water needs (Katerji et al., 2008; Pohanková et al., 2018), so continued climate changes and 

increasing water scarcity may affect the crop types grown due to changes in water availability 

and temperature (Nie et al., 2021). While the RMP and MCP are relatively stable and appear to 

be increasing in numbers (Seamans, 2023), it is unknown what a decline in barley or other 

important resources may do to overall abundance. A better understanding of how they currently 

utilize foraging areas in the SLV and how they are affected by postharvest treatment (i.e., tillage 

intensity) will inform potential impacts from landscape changes. 

We used data from 2.5 years of sandhill crane observations in the SLV to examine their 

foraging patterns during spring and autumn migration. The objectives of this study include: (1) 

identify the distribution of foraging sandhill cranes, (2) determine the effect of crop type, tillage 

intensity, and associated covariates on selection by sandhill cranes, and (3) determine the effect 

of the same covariates and number of lesser sandhill cranes present on the abundance of greater 

sandhill cranes given presence. We also compared results for the last two objectives to determine 

if there were covariates that influence selection but not abundance and vice versa. We predicted 

that sandhill cranes would show a gradual increase then decrease in abundance for each season, 

with a more diffuse pattern in autumn than spring (Vanausdall et al., 2024). We hypothesized that 

sandhill cranes would select barley or other grains in both seasons. Due to the greater availability 

of waste grain in autumn than spring, we predicted both roost distance and crop type to effect 

selection in autumn, with cranes selecting barley fields closer to roost sites. As grain becomes 

depleted in spring, we expected crop type to be more important than roost distance and that 
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sandhill cranes would fly farther from roosts to their preferred forage over switching to other 

crop types. Finally, we predicted that the probability of presence would be greatest on idle fields 

(i.e., no tilling) and lowest on fields with high intensity tillage.   

METHODS 

Study area 

Our study took place in the SLV, which is in southcentral Colorado, USA and is the 

northern portion of the Rio Grande Basin (Figure 3.1). The valley floor is about 8,200 km2 in 

area and the average elevation is 2,100 m. The SLV is bordered by the San Juan Mountains to the 

west and the Sangre de Cristo Mountains to the east. Considered a semi-arid region, the SLV 

receives less than 200 mm of precipitation annually, while the surrounding mountains receive 

1,150 – 1,270 mm on average (Cooper et al. 2006). Hydrology is driven by mountain snowpack, 

which feeds the Rio Grande, the Conejos River, and other rivers, tributaries, and creeks (Emery 

1969), but monsoonal rains in the summer can also increase water availability. As a result, 

surface water throughout the SLV is highly variable within and between seasons. Two aquifers 

also contribute to the hydrology in the SLV. The average temperature in the SLV is 6°C, but 

temperatures can range between -20°C to 20°C (Western Regional Climate Center 2013). Wind 

speeds are variable and primarily come from the south and southwest. Surface and groundwater 

are further constrained by diversion and extraction due to irrigation. Agriculture is the largest 

source of base jobs in the SLV, so it is an important economic driver in the region. Water is 

typically used to irrigate crops using pivot sprinklers, and the main crops grown include potatoes, 

alfalfa, and small grains, including wheat and barley. Ranching is also an important industry. 

We identified six major regions throughout the SLV that together made up most of the 

area used by migrant sandhill cranes to survey sandhill cranes and summarize crop types and 
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tillage intensity (Figure 3.1). We identified these areas based on previous research in the SLV and 

observations of sandhill cranes. Areas varied in size and the amount of time it took to survey.  

Roadside surveys 

Count data were collected using weekly or bi-weekly roadside surveys conducted each 

season and year. Routes in each region were driven within a span of 2-4 days each week during 

the foraging hours of sandhill cranes. Morning surveys were conducted between a half hour 

before sunrise to approximately 4 hours after sunrise, and evening surveys were conducted 

between approximately 3 hours before sunset to a half hour after sunset. Survey times were 

based on both observations of sandhill cranes in the SLV during migration and data from sandhill 

cranes tagged with Global Positioning Systems in previous years. For each region, we alternated 

a morning and evening survey each week. During each survey, the same observer drove the route 

and counted every sandhill crane observed on fields adjacent to the road. We only counted birds 

that were within a field-width (approximately 1 km) of the road, as flocks that were farther away 

were difficult to accurately count. We also divided sandhill cranes into one of the two subspecies 

(greater or lesser) based on overall size and head shape (Schmitt and Hale 1997). We did not 

differentiate between adults and juveniles. 

Habitat covariates 

During the roadside surveys, we collected field-specific information for crop fields where 

sandhill cranes were observed. We determined the crop type (alfalfa, barley, pasture, potatoes, 

other grain, and other) and the tillage intensity for fields where sandhill cranes were observed. 

The category “other grain” included crops that were less commonly planted grain types, 

including winter wheat, triticale, rye wheat, oats, and corn. To determine crop type, we used data 

gathered annually by the Rio Grande Water Conservation District (RGWCD) for most of the 
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study area. These data are collected annually by observers who work for RGWCD. We were able 

to confirm those observations with fields used by sandhill cranes, and there were few instances 

when the crop type observed by RGWCD did not match our observations. The eastern-most area, 

Region 6, is in a different groundwater subdistrict, so we had to use a separate data source for 

this area. We used data from the Cropland Data Layer provided by the U.S. Department of 

Agriculture to determine crop type in Region 6 (USDA National Agricultural Statistics Service 

Cropland Data Layer, 2023). There were relatively few areas identified as unknown (n = 90). The 

proportion of crop types within the sampling area was similar to the entirety of the SLV (Table 

3.1), so we are confident our sampling frame was representative of how sandhill cranes used the 

SLV as a whole. 

Tillage intensity of grain fields refers to the degree of tilling that occurs postharvest, with 

some growers discing or plowing several times and others doing minimum or no tilling. Idle 

fields had standing stubble, while tilled fields showed variation in tillage intensity. We used the 

following visual index: idle or complete stubble (0), >75% stubble (1), 50-75% stubble (2), 25-

50% stubble (3), and 0-25% stubble (4). We combined these indices into three categories: idle, 

low intensity till (index values 1 and 2), and high intensity till (index values 3 and 4). We also 

estimated tillage intensity for grain fields not used by sandhill cranes. These were fields that 

were surveyed but not assessed for tillage intensity because no sandhill cranes were observed. 

First, we used Random Forest Classification of satellite imagery to predict the tillage intensity of 

all fields throughout the study region. We sampled a random set of grain fields each season and 

year throughout all regions and identified tillage intensity using the index above. We used the 

tillage intensity classes from the randomly sampled fields, along with the fields used by sandhill 

cranes from that season and year, as training data in the Random Forest classifier. We used 
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satellite imagery collected from Landsat 9 Imagery and adjusted for surface reflectance to gather 

the following image properties to inform the classifier: Bands 1-5 and 7, Normalized Difference 

Soil Index (NDSI), Normalized Difference Vegetation Index (NDVI), soil cover, and stubble 

cover. We used the median band values for Landsat images collected between 1 February and 31 

March for spring and between 1 September and 31 November for autumn. Soil and stubble cover 

were determined using spectral mixture analysis (SMA), a technique that classifies fractions of 

pixels into specified cover classes (Adams and Gillespie, 2006). We used grain fields classified 

into tillage intensity index value 4 (highly tilled) to generate endmembers of soil from median 

values of Landsat images and grain fields classified as no-till to generate endmembers of stubble. 

We included NDVI as a third class in SMA and used the 98th percentile of NDVI values to 

generate endmembers (Boggie et al. 2018). We then developed a classifier for each year and 

season because of the between-season variability in weather and environment in the SLV. Overall 

accuracy for our classifiers ranged between 0.77 for spring and 0.87 for autumn. The 

classification technique was used only for grain fields, as we expected spectral properties to 

differ for other crop types. We completed classification and SMA using the publicly available 

Google Earth Engine (Gorelick et al., 2017). 

We determined distance to the nearest potential roost using information from sandhill 

cranes marked with transmitters fitted with global system for mobile communication (GSM) 

platform transmitter terminal (PTT) tags (Evolution Series-400, 15-g; Cellular Tracking 

Technologies, Rio Grande, NJ, USA) or global positioning system (GPS) PTT tags (PTT-100, 

22-g Solar Argos/GPS PTT, Microwave Telemetry, Columbia, MD, USA). Data from 59 and 106 

telemetered RMP sandhill cranes from 2014-2022 were used to determine potential roosting 

areas for autumn and spring, respectively. We refer to these roosting areas as “potential” because 
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we could not confirm that the sandhill cranes we counted and observed during this study were 

using the same roosting areas used by the sandhill cranes marked with GSM/GPS transmitters. 

Detailed methods for capture can be found in Collins et al. (2016) and Boggie et al. (2018b). We 

used these roosting points and generated a 1 km buffer around each point. Potential roosting 

areas included the entire buffered area for each roosting point. We dissolved the buffers for each 

season and calculated the distance between these roosting polygons and each individual field 

(used and not used by sandhill cranes).  

Statistical analysis 

We developed models using the presence and absence of sandhill cranes on individual 

crop fields to determine the influence of crop type and roost distance on selection. Our sampling 

units were the individual fields along each survey route (Anteau et al., 2011). We estimated 

selection by converting sandhill crane counts to present (1) or absent (0) and used a generalized 

linear mixed models (GLMM) approach to estimate the log-odds of presence (i.e., selection; 

Manly et al. 2002). We used a binomial distribution with a logit link and modeled the log-odds of 

presence as a function of the covariates time (i.e., survey week), distance to the nearest potential 

roost (roost distance), and crop type (i.e., alfalfa, barley, other grains, pasture, potatoes, and other 

crop type) as fixed effects and the crop field as a random effect to account for repeated 

observations. We used a quadratic effect of survey week for time. We compared a model that 

included only main effects of all covariates to models representing three other a priori 

hypotheses: an interaction between time and distance to the nearest roost, an interaction between 

time and crop type, and an interaction between crop type and distance to the nearest roost. All 

interaction models included the non-interactive covariates as main effects. We chose to compare 

a limited number of models to determine the relative importance of roost distance, crop type, and 
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roost distance conditional on crop type. Because sandhill cranes are central place foragers, we 

predicted the time and roost distance interaction model to be the most competitive model in 

autumn and show a negative effect of roost distance on the log-odds of presence. As resources 

become depleted near roosts, we predicted that roost distance would be less important in the 

spring. Sandhill cranes may switch crop types rather than move farther from roosts over time, so 

we expected the time and crop type interaction model or the crop type and roost distance 

interaction model to be the most competitive in spring. We scaled and centered roost distance. 

We compared models using the small-sample Akaike’s Information Criterion (AICc) and 

considered models <2 ΔAICc to be competitive (Burnham and Anderson, 2002; Vaida and 

Blanchard, 2005). We examined the coefficients and their effects on the log-odds of presence. 

We used the inverse logit transformation to examine how changes in covariates influence the 

probability of presence. We used Program R and the ‘glmmTMB’ function (Brooks et al., 2017; 

R Core Team, 2022).  

We used a GLMM to examine the number of greater sandhill cranes in response to time 

and habitat covariates conditional on presence. We used a zero-truncated model with either a 

Poisson or negative binomial distribution and a log link. We first compared a global, main effects 

model with either the Poisson or negative binomial distribution and used the distribution from 

the model with the lower AICc. We examined the same set of covariates as for the 

presence/absence models, but we also examined the influence of the number of lesser sandhill 

cranes. We again compared models using AICc and made inference from highly competitive 

models. 

Finally, we examined a subset of data to determine the influence of tillage intensity on 

presence. We only included fields that were identified as barley or other grain. We examined a 
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binomial GLMM that included the fixed effects of time and tillage intensity with random effects 

of field. We exponentiated the coefficients to determine the odds of presence on idle and low 

intensity till fields compared to high intensity till fields (Dunn and Smyth, 2018). We considered 

there to be an effect of tillage intensity if confidence intervals did not include zero.  

RESULTS 

We completed a total of 79 surveys in autumn and 105 surveys in spring from 2020 to 

2022. We began autumn surveys in late September or early October and completed surveys by 

mid-November, and for spring we began surveys in mid-February and completed surveys by late 

March (Table 3.2). There was one instance where only five out of six regions were surveyed 

during a week in the autumn of 2020, but all other regions were surveyed equally in each week 

for both seasons. We counted more sandhill cranes in spring than autumn overall and more 

greater sandhill cranes than lesser sandhill cranes in both seasons (Table 3.3, Table 3.4). The 

number of greater and lesser sandhill cranes showed a quadratic temporal trend within each 

season (Figure 3.2).  Peak numbers of greater and lesser sandhill cranes occurred during mid-

March in spring and during mid-October in autumn (Figure 3.2).  

The area covered by crop types remained consistent across all years and regions (Table 

3.4). Most areas were dominated by crop types other than barley or other grains, including 

alfalfa, potatoes, and pasture. Region 1 and Region 5 had the greatest amount of barley. In 

autumn, Region 3 tended to have the highest proportion of greater sandhill cranes in 2020, while 

Regions 1 and 2 had a higher proportion in 2021 (Figure 3.3). The greatest proportion of lesser 

sandhill cranes were in Region 3 in autumn for both years. Greater sandhill cranes showed a 

variable distribution in spring, with Regions 5 and 6 having a greater proportion throughout 2020 

and 2021 (Figure 3.4). Spring 2022 showed an increase in the proportion of greater sandhill 
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cranes in Region 1. In contrast, lesser sandhill cranes were most prominent in Region 3 for the 

spring season in all years, but the proportion in Region 6 increased towards the end of the spring 

season. 

The top-ranking model for greater sandhill crane selection in autumn included an 

interaction between time and crop type, but a model with an interaction between time and 

distance to the nearest roost was also competitive (Table 3.5). In the time and crop type 

interaction model, the probability of presence was greatest on barley fields, with a peak 

probability during the fifth week of surveys (Figure 3.5A). Distance to the nearest roost had a 

negative effect on the log-odds of presence (Table S2.1). In the time and roost distance 

interaction model, roost distance was negative for all survey weeks, and both barley and other 

grains positively influenced the log-odds of presence (Table S2.1, Figure 3.6A). The top-ranking 

model for spring included an interaction between crop type and distance to the nearest roost 

(Table 3.5). Roost distance was negative for all crop types, but barley showed the highest overall 

probability closer to roosts (Figure 3.7A).  

The top-ranking models for lesser sandhill crane selection showed the same pattern as for 

greater sandhill cranes (Table 3.5) in both seasons. The model with an interaction between time 

and crop type showed a peak in probability of presence on barley fields in autumn during the 

fifth week of surveys (Figure 3.5B), with a similar pattern for other grains. In spring in this 

model, the probability of presence peaked during the fourth week on barley fields and during the 

fifth week on other grain fields. The model with an interaction between time and roost distance 

showed an overall negative effect of roost distance on the log-odds of presence across all time 

periods (Table S2.1, Figure 3.6B). Both barley and other grains had positive effects on the log-

odds of presence (Table S2.1). For spring, the model with an interaction between crop type and 
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roost distance showed a negative effect of roost distance on the log-odds of presence on barley 

fields and other grains (Table S2.1, Figure 3.7B).  

Abundance modeled with the negative binomial distribution performed better than when 

modelled with a Poisson distribution. The top-ranking abundance model for greater sandhill 

cranes in autumn included an interaction between time and distance to the nearest roost, but a 

competitive model included an interaction between crop type and roost distance (Table 3.6). The 

first model showed that roost distance had a negative influence on the number of greater sandhill 

cranes early in the season, but the relationship became positive after the fourth week of surveys 

(Figure 3.8). Barley, other grain, potatoes, and the number of lessers sandhill cranes all had 

positive effects on use by greater sandhill cranes in autumn (Table S2.2). The second model 

showed that roost distance was positive for barley fields in autumn, but this effect was negative 

for other crop types, including other grains and potatoes (Figure 3.9). The top-ranking model in 

spring included an interaction between time and crop type (Table 3.6). The number of greater 

sandhill cranes varied across habitat types, but there was a high degree of uncertainty early in the 

season (Figure 3.10). Compared to autumn, more greater sandhill cranes were predicted to be on 

pasture, potatoes, and other crop fields in spring. The number of lesser sandhill cranes positively 

influenced the number of greater sandhill cranes in all spring models (Table S2.2). 

Both greater and lesser sandhill cranes were more likely to be present on idle fields or 

low intensity till fields compared to high intensity till fields in autumn and spring (Table 3.7). In 

autumn, the odds of presence on low-intensity till fields were highest for both subspecies. In 

spring, the odds of presence were greatest on idle fields.   
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DISCUSSION 

We identified the distribution of foraging greater and lesser sandhill cranes throughout 

the SLV in autumn and spring and examined their selection patterns across crop types, roosting 

distances, and tillage intensity. Greater sandhill cranes consistently used a broader area of the 

SLV, while lesser sandhill cranes remained more concentrated in particular regions. Consistent 

with our hypothesis, sandhill cranes primarily foraged on barley or other grains close to potential 

roosting areas and moved farther from roosting areas throughout the season. There was evidence 

of birds switching to other forage types close to roosting areas, but there appeared to be a greater 

preference to fly farther for preferred forage types. Additionally, both greater and lesser sandhill 

cranes were more likely to utilize grain fields that were either not tilled or only moderately tilled 

over more intensively tilled fields.  

The distribution of sandhill cranes throughout the SLV varied in both seasons and across 

subspecies, which may have implications for where management could be focused for foraging 

areas. Changes in the distribution of a population may indicate variation in resource availability 

or in preference for those resources (Fretwell, 1969). If sandhill cranes were selecting foraging 

resources proportional to availability of preferred forage types only, we might have expected 

them to utilize regions in the SLV where barley availability was the highest. Regions 1 and 5 

tended to have the greatest amount of grain available. Indeed, we found that the proportion of 

greater sandhill cranes was relatively high in Region 1 in autumn and spring and Region 5 in 

spring, but this pattern was not consistent within seasons. Similarly, lesser sandhill cranes were 

primarily concentrated in Region 3, which had a relatively small area of grains compared to other 

regions. Other studies have suggested that the distribution of sandhill cranes tends to be 

determined more by the presence and condition of roosting areas than foraging areas (Collins et 
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al., 2023; Krapu et al., 1984; Sparling and Krapu, 1994), which could better explain the 

distribution of sandhill cranes in the SLV. Each survey region in the SLV has distinct wetland or 

riverine habitats traditionally used by sandhill cranes for roosting, including the MVNWR in 

Region 3 and the Rio Grande, which generally supports sandhill cranes using Regions 1, 2, and 

3. We found that the number of greater sandhill cranes was greatest in areas north of the Rio 

Grande (Regions 1 and 2), and there were relatively high numbers in Region 3. Regions 1 and 2 

were used throughout the spring, but there was an increase in the number and proportion of 

greater sandhill cranes in Regions 5 and 6. These regions have roosting areas managed by the 

state wildlife agency, Colorado Parks and Wildlife.  

At the same time, the density of leftover seed may also be lower in some fields than 

others, and patch-specific seed density likely has a greater influence on selection than the area of 

grain fields. Although grain may be available in some fields, the density or availability of forage 

may be low enough that the energy gained from feeding in a patch does not offset the energetic 

cost of searching for food (Brown 1988). For example, Greer et al. (2009) found that ducks 

stopped foraging in fields after rice density declined to 50 kg/ha. Although Region 3 had a low 

area of barley, the MVNWR provides approximately 90 ha of barley specifically for sandhill 

cranes in spring. The barley is mowed but not harvested, which results in a relatively high 

density of seed in a few patches (see Chapter 4). This could explain the higher numbers of lesser 

sandhill cranes in this region in spring, in addition to the presence of optimal roosting area. It is 

not clear if the reason for mostly lesser sandhill cranes in Region 3 and fewer greater sandhill 

cranes is due to competition and limited roosting and foraging area in Region 3 or if greater 

sandhill cranes prefer roosting or foraging habitat elsewhere in the SLV. In either case, it remains 

critical to provide both adequate foraging habitat along with roosting habitat for sandhill cranes. 
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Additionally, management for the RMP specifically may prove most beneficial in other parts of 

the SLV.   

Both subspecies showed similar patterns and preferences in crop types for foraging. The 

selection for barley by sandhill cranes in the SLV was consistent with our hypothesis, but there 

was evidence of an increase in the selection of other grains and crop types in spring. Agricultural 

grains have been identified as an important food resource for sandhill cranes and other crane 

species (Austin et al., 2018; Hemminger et al., 2022; Krapu et al., 2014). Sandhill cranes are 

habitat generalists and highly adaptable to land use changes, so the expansion of agriculture has 

been identified as a reason for their dramatic increase throughout North America in recent years 

(Hemminger et al. 2022). Barley’s high energetic value in the form of carbohydrates and fats, 

high protein content and digestibility, and low fiber content (Rodehutscord et al., 2016), along 

with its more even distribution across the landscape compared to natural foods, make it an ideal 

food source for migrating cranes. Other grains, such as triticale, rye, wheat, and oats, also 

provide an energy-rich resource during migration (Rodehutscord et al., 2016; Siegert et al., 

2022). Compared to autumn, selection for other grains was higher in spring for all years, and 

there was a slight increase in selection for potatoes and pasture. Sandhill cranes were observed 

consuming potatoes, but potato fields may also provide other food items, such invertebrates, 

including species in Coleoptera (Ballard and Thompson, 2000). Along with carbohydrates and 

fats, sandhill cranes require other nutrients and minerals, particularly during the spring when 

preparing for reproduction (Iverson et al., 1987; Krapu et al., 1985; Reinecke and Krapu, 1986). 

Pastures and grasslands can be a good source of foods that provide protein, calcium, and other 

essential nutrients in the form of invertebrates, seeds, and tubers (Avilés et al., 2002; Davis and 

Vohs, 1993; Iverson et al., 1987; Krapu et al., 1984). In the SLV, sandhill cranes were commonly 
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observed with cattle while in pastures, presumably foraging for invertebrates or seeds in 

vegetation or cow excrement (Avilés et al., 2002), but they were also observed foraging on seeds 

from hay left for cattle. While grain is an important resource for cranes, we have shown that 

other crop types and habitats can potentially provide other resources for sandhill cranes (Boggie 

et al., 2018a).  

Along with crop type, distance to the nearest roost was an important covariate for crane 

distribution. The model with an interaction between time and roost distance was among the most 

competitive models in autumn for both subspecies, which was consistent with our hypothesis. 

The distance required to travel to foraging areas, the amount of time individuals spend foraging, 

and the predation risks associated with the foraging location influence the distance sandhill 

cranes and other central place foragers will commute (Austin and Humburg, 1992; Johnson et al., 

2014; Link et al., 2011; Olsson et al., 2008). Other studies have documented sandhill cranes and 

other crane species preferring foraging areas closer to roosts but moving farther during foraging 

bouts as resources are depleted (Alonso et al., 1984; Anteau et al., 2011; Ivey et al., 2015). 

Remaining close to roosts is optimal particularly in autumn, as this is the time when waste grain 

is most available.  However, the model with an interaction between time and crop type was also 

among the most competitive models for autumn. This model indicated that the probability of 

presence was greatest on barley and other grain fields around mid- to late October and that grains 

had the highest selection overall. Additionally, the juxtaposition of roosts and grain fields was 

influential in spring. The model with an interaction between crop type and roost distance was the 

top model and showed the highest selection on grain fields close to roosts. While we expected 

crop type to be important in spring, we did not expect roost distance to be as important as in 
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autumn. Together, these results emphasize the importance of the juxtaposition of grain fields and 

roosting areas for sandhill cranes in the SLV in both autumn and spring. 

Despite a preference for grains close to roosts, there was evidence that the depletion of 

grains gradually pushed sandhill cranes farther from roosts. While we found a negative effect of 

roost distance on presence of sandhill cranes, roost distance showed a positive effect on the 

number of greater sandhill cranes in some cases. The abundance model with an interaction 

between time and roost distance showed that as the season progressed, the slope of roost distance 

went from negative to positive in autumn. Similarly, although not among the most competitive 

models for spring, roost distance showed a strong positive slope in the early part of the season. 

Additionally, the abundance model with an interaction between roost distance and crop type, 

which was the second-most competitive model in autumn, showed a positive effect of roost 

distance for barley in both seasons. This may indicate that while greater sandhill crane flocks are 

more likely to prefer foraging on areas close to roosts in both seasons, fewer, larger flocks were 

predicted to be found farther from roosting areas, particularly in the spring. Other studies have 

also found that cranes tend to forage where the density of food is highest and documented 

proportional changes in crane numbers with food abundance (Alonso et al., 1994). Although we 

did not find a clear pattern of sandhill crane numbers being proportional to the area of grain 

fields across regions, this pattern may also suggest that sandhill cranes opt for flying farther for 

preferred forage rather than switching crop types as grains become depleted close to roosts, 

particularly in spring. Collins et al. (2023) also found that sandhill cranes in the Lower Colorado 

River Valley Population preferred flying greater distances from roosts for grains than other crop 

types, such as alfalfa. The model that included an interaction between time and crop type was the 

most competitive model for spring abundance, which may indicate that distance to roost is less 
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important than crop type in spring and was consistent with our hypothesis. At the same time, 

there was some evidence of sandhill cranes switching to other crops. While barley showed a peak 

in the number of predicted greater sandhill cranes, other grains and potatoes showed an increase 

in numbers later in the season. Thus, in addition to flying greater distances for their preferred 

forage (i.e., barley), greater sandhill cranes may also switch forage types, which may allow them 

to forage closer to the roost, avoid large flocks, or access other nutrients available in different 

habitats (Krapu et al., 1984; Reinecke and Krapu, 1986).  Similarly, Alonso et al. (1984) also 

found that while common cranes eventually moved greater distances as resources were depleted 

close to roosts to access their preferred forage (sunflower fields), they also foraged on other crop 

types as the season progressed. If barley production continues to decline in the SLV, sandhill 

cranes may need to switch to other forage types. However, it is not yet clear if other commonly 

grown crop types, such as potatoes and alfalfa, that sandhill cranes also use in the SLV will 

support the same population size.  

In accordance with other studies, sandhill cranes in the SLV selected grain fields based on 

tillage intensity. The probability of presence was highest on idle fields and low-intensity fields 

for both subspecies, but there was a difference in which was more likely to be used across 

seasons. We found that the odds of greater sandhill cranes using low intensity fields compared to 

high intensity fields were higher than the odds of using idle fields compared to high intensity 

fields in autumn, but this relationship was reversed in spring. We found a similar pattern for 

lesser sandhill cranes. Tilled fields generally have less waste grain available than stubble, grazed, 

or mulched fields, with stubble having the most available (Matthews et al., 2022; Sherfy et al., 

2011). We did not differentiate mulched from plowed or disced fields, but preference for low 

intensity tillage may indicate that these fields provide other benefits, such as reduced search 
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time, compared to fields left in stubble, which have more debris that needs to be sorted through 

in order to acquire seeds (Anteau et al. 2011). Indeed, Anteau et al. (2011) also found mulched 

fields to have a higher probability of use by sandhill cranes than idle fields in spring. At the same 

time, we found a higher preference for idle fields over low intensity fields in spring. This could 

be due to a difference in the availability of grain in idle fields compared to tilled fields. Along 

with tilling, many growers also irrigate grains after harvest, which causes the seeds to germinate. 

While sandhill cranes will still consume recently germinated barley (Hoffman 1976, Littlefield 

2002), the seeds lose nutritional value over time. Sandhill cranes in Wisconsin, for example, did 

not consume grain that had been irrigated more than 17 days prior (Barzen et al. 2018). It could 

be that sandhill cranes have a greater preference for idle fields because more seed is still 

available after the autumn season with continued foraging on all grain fields and increased 

deterioration due to depletion. 

Greater and lesser sandhill cranes concentrated in distinct areas throughout the SLV, 

which will be useful for identifying areas to prioritize for providing foraging or roosting habitat. 

Given that the distribution of the RMP is mostly concentrated in areas north of Rio Grande, the 

energetic needs of this population are mostly being met on privately operated crop fields. 

However, other work suggests that the MVNWR and other publicly managed lands are important 

for roosting greater sandhill cranes (see Chapter 2), and we found that a large proportion of the 

MCP used the area around the MVNWR. Rather than switching to other crop types as grains are 

depleted, we found evidence that sandhill cranes will likely fly farther for their preferred forage. 

Flying is energetically expensive for birds (McWilliams et al., 2004), particularly during the 

nonbreeding period, so sandhill cranes will require more energy to offset increased flight as 

resources are depleted near roosts. Additionally, the threshold density of food at which birds 
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cease foraging (Greer et al., 2007), has been shown to increase with increasing foraging flight 

distance (Johnson et al., 2014; Van Gils and Tijsen, 2007), resulting in less foraging time. 

Providing both publicly and privately managed roosting areas and foraging habitat will help 

sandhill cranes meet their energetic requirements during migration in the SLV, but emphasis 

should be placed on ensuring these areas are close together throughout the regions most used by 

sandhill cranes. Prioritizing the juxtaposition of roosting and foraging areas is consistent with the 

management suggestions of previous studies (Iverson et al., 1987; Pearse et al., 2010). Finally, 

sandhill cranes preferred to forage on idle or moderately tilled grain fields. Encouraging minimal 

tillage practices on grain fields will improve the suitability of grain fields to sandhill cranes, 

which may be more critical if the total area of barley continues to decline in the SLV. 
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TABLES AND FIGURES 

Table 3.1: Proportion of crop types in the San Luis Valley (SLV) and the sampling frame used to 

count sandhill cranes within the SLV.   
2020 2021 

Crop type 
SLV 

Sampling 

area 
SLV 

Sampling 

area 

Alfalfa 0.35 0.29 0.33 0.28 

Barley 0.08 0.10 0.09 0.10 

Other 0.21 0.25 0.18 0.25 

Other grain 0.06 0.08 0.06 0.07 

Potatoes 0.10 0.14 0.11 0.16 

Wetland/Pasture 0.19 0.14 0.17 0.15 
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Table 3.2: Dates of surveys conducted for greater and lesser sandhill cranes in the San Luis 

Valley, Colorado.    
Autumn Spring 

Year Week 

number 

Start date End date Start date End date 

2020 1 9/24/2020 9/26/2020 2/16/2020 2/18/2020  
2 10/2/2020 10/4/2020 2/24/2020 2/26/2020  
3 10/6/2020 10/9/2020 - -  
4 10/13/2020 10/16/2020 3/13/2020 3/15/2020  
5 10/20/2020 10/24/2020 3/20/3030 3/22/2020  
6 10/29/2020 11/1/2020 3/27/2020 3/29/2020  
7 11/12/2020 11/17/2020 - - 

2021 1 - - 2/15/2021 2/20/2021  
2 10/3/2021 10/6/2021 2/22/2021 2/25/2021  
3 10/10/2021 10/15/2021 3/1/2021 3/4/2021  
4 10/17/2021 10/20/2021 3/8/2021 3/11/2021  
5 10/24/2021 10/28/2021 3/15/2021 3/18/2021  
6 11/5/2021 11/8/2021 3/27/2021 3/31/2021  
7 11/13/2021 11/16/2021 - - 

2022 1 - - 2/10/2022 2/13/2022 

 2 - - 2/18/2022 2/21/2022 

 3 - - 3/1/2022 3/4/2022 

 4 - - 3/8/2022 3/11/2022 

 5 - - 3/22/2022 3/25/2022 

 6 - - 3/29/2022 3/31/2022 
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Table 3.3: The mean (𝑥̅) and standard errors (SE) for the number of foraging greater and lesser 

sandhill cranes across flocks and survey weeks in the San Luis Valley, Colorado. The mean does 

not include fields with no sandhill cranes observed. 
   Greaters Lessers 

Season Year 
Survey 

week 
𝑥̅ SE 

No. 

flocks 
𝑥̅ SE 

No. 

flocks 

Autumn 2020 1 37.92 9.42 13 4.00 NA 1   
2 171.09 41.96 51 117.06 20.21 31   
3 295.41 112.06 63 84.77 15.05 47   
4 74.08 19.04 79 93.96 0.63 57   
5 82.98 23.11 83 115.22 37.00 68   
6 83.41 24.41 82 96.68 12.06 65   
7 268.59 54.22 58 48.65 37.77 26  

2021 2 176.38 39.69 54 39.03 26.19 39   
3 170.35 41.38 55 64.68 13.26 37   
4 79.06 15.12 70 122.16 21.94 57   
5 103.16 20.44 67 97.46 21.28 59   
6 189.70 29.61 67 60.58 45.94 53   
7 182.75 41.30 51 64.34 20.64 35 

Spring 2020 1 91.82 17.80 32 38.72 29.23 18   
2 117.26 21.64 39 72.77 27.31 22   
4 176.28 28.42 96 174.70 135.54 47   
5 156.90 28.64 73 186.03 66.74 34   
6 214.16 36.43 81 86.26 28.84 43  

2021 1 162.78 32.28 32 46.78 22.51 23   
2 113.91 25.29 65 66.95 23.78 42   
3 113.32 17.47 88 103.90 100.66 48   
4 158.12 43.60 68 135.82 60.43 44   
5 106.91 26.75 78 157.41 54.13 44   
6 88.62 19.27 61 53.07 26.42 42  

2022 1 146.42 29.46 38 3.23 19.23 13   
2 72.78 11.11 69 31.61 49.83 31   
3 45.43 11.58 83 54.33 18.40 48   
4 53.24 12.53 85 85.47 54.45 62   
5 73.17 17.65 103 113.15 38.21 55   
6 136.16 39.00 63 116.55 16.31 31 
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Table 3.4: The area of crop types and percent of total crop area for regions in the San Louis 

Valley, 2020-2022.    
Area (ha) Percent of total crop area by region 

Region Crop 

type 

Autumn 

2019/Spring 

2020 

Autumn 

2020/Spring 

2021 

Autumn 

2021/Spring 

2022 

Autumn 

2019/Spring 

2020 

Autumn 

2020/Spring 

2021 

Autumn 

2021/Spring 

2022 

1 Alfalfa 1762.48 1873.25 1969.98 11.10 11.80 12.41  
Barley 4794.26 4430.03 4270.78 30.19 27.90 26.90  
Other 2903.37 3207.32 3534.22 18.29 20.20 22.26  
Other 

grain 
375.27 190.72 177.73 2.36 1.20 1.12 

 
Pasture 578.70 602.68 680.04 3.64 3.80 4.28  
Potatoes 5464.28 5574.37 5245.62 34.41 35.11 33.04 

2 Alfalfa 1088.87 974.81 684.67 7.49 6.71 4.71  
Barley 1280.54 918.40 1492.31 8.81 6.32 10.27  
Other 6828.92 7443.88 6876.01 46.98 51.22 47.31  
Other 

grain 
920.70 1011.55 906.58 6.33 6.96 6.24 

 
Pasture 290.86 375.89 317.70 2.00 2.59 2.19  
Potatoes 4124.66 3810.03 4257.27 28.38 26.21 29.29 

3 Alfalfa 6464.69 6678.06 6416.10 34.70 35.84 34.44  
Barley 619.73 1255.60 1221.97 3.33 6.74 6.56  
Other 4434.67 4468.55 4521.14 23.80 23.98 24.27  
Other 

grain 
2088.48 1176.81 1173.18 11.21 6.32 6.30 

 
Pasture 4714.54 4736.49 4936.09 25.30 25.42 26.49  
Potatoes 309.91 316.50 363.54 1.66 1.70 1.95 

4 Alfalfa 5655.76 5656.26 5417.06 34.88 34.88 33.41  
Barley 775.15 758.40 499.60 4.78 4.68 3.08  
Other 1554.55 1528.27 1629.14 9.59 9.42 10.05  
Other 

grain 
1380.27 1318.30 1212.56 8.51 8.13 7.48 

 
Pasture 6453.36 6656.34 7083.88 39.80 41.05 43.69  
Potatoes 396.01 297.51 372.85 2.44 1.83 2.30 

5 Alfalfa 1881.54 1764.53 1687.90 12.27 11.51 11.01  
Barley 2626.64 1902.65 2831.52 17.13 12.41 18.47  
Other 6420.68 6358.84 6398.84 41.88 41.47 41.74  
Other 

grain 
368.61 1857.36 432.20 2.40 12.11 2.82 

 
Pasture 433.84 395.11 522.20 2.83 2.58 3.41  
Potatoes 3600.74 3053.58 3459.39 23.49 19.92 22.56 

6 Alfalfa 2162.22 1780.35 1923.83 32.74 26.96 29.13  
Barley 541.30 471.12 714.78 8.20 7.13 10.82  
Other 3084.04 2748.97 2793.16 46.70 41.62 42.29  
Other 

grain 
201.11 687.13 455.89 3.05 10.40 6.90 

 
Pasture 597.03 542.73 520.35 9.04 8.22 7.88  
Potatoes 18.64 374.05 196.32 0.28 5.66 2.97 
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Table 3.5: Model selection results for the log-odds of presence of greater and lesser sandhill 

cranes on crop fields in the San Luis Valley, Colorado (2020-2022) and fitted with fixed 

covariates of a quadratic effect of survey week (‘time’), distance to the nearest roost (‘roost 
distance’), and crop type. The crop types include alfalfa, barley, other, other grains, pasture, and 
potatoes. Results include the number of parameters (K), ΔAkaike’s Information Criterion (AICc), 

and the AICc weight  (𝑤𝑖). Models include a random effect of unique field identification 

numbers. 
Subspecies Season Model K ΔAICc 𝑤𝑖 
Greater Autumn Time2*crop type + roost distance 20 0.00 0.50 

  Time2*roost distance + crop type 12 0.05 0.49 

  Time2 + crop type *roost distance 15 9.79 0.00 

  Time2 + crop type + roost distance 10 31.42 0.00 

  Time2 4 727.19 0.00 

 Spring Time2 + crop type*roost distance 15 0.00 1.00 

  Time2*roost distance + crop type 12 30.77 0.00 

  Time2 + crop type + roost distance 10 33.83 0.00 

  Time2*crop type + roost distance 20 37.78 0.00 

  Time2 4 697.65 0.00 

Lesser Autumn Time2*crop type + roost distance 20 0.00 0.58 

  Time2*roost distance + crop type 12 0.65 0.42 

  Time2 + crop type *roost distance 15 11.98 0.00 

  Time2 + crop type + roost distance 10 19.42 0.00 

  Time2 4 428.37 0.00 

 Spring Time2 + crop type*roost distance 15 0.00 1.00 

  Time2*roost distance + crop type 12 13.78 0.00 

  Time2 + crop type + roost distance 10 20.59 0.00 

  Time2*crop type + roost distance 20 23.40 0.00 

  Time2 4 393.51 0.00 
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Table 3.6: Model selection results for the number of greater sandhill cranes on crop fields in the 

San Luis Valley, Colorado (2020-2022) and fitted with fixed covariates of a quadratic effect of 

survey week (‘time’), distance to the nearest roost (‘roost distance’), crop type, and the number 

of lesser sandhill cranes. The crop types include alfalfa, barley, other, other grains, pasture, and 

potatoes. Results include the number of parameters (K), ΔAkaike’s Information Criterion (AICc), 

and the AICc weight (𝑤𝑖). Models include a random effect of unique field identification numbers. 

Season Model K ΔAICc 𝑤𝑖 
Autumn Time2*roost distance + crop type + lessers 14 0.00 0.48 

 Time2 + crop type *roost distance + lessers 17 0.14 0.44 

 Time2 + crop type + roost distance + lessers 12 3.88 0.07 

 Time2*crop type + roost distance + lessers 22 7.95 0.01 

 Time2 5 61.99 0.00 

Spring Time2*crop type + roost distance + lessers 22 0.00 0.71 

 Time2 + crop type*roost distance + lessers 17 2.63 0.19 

 Time2*roost distance + crop type + lessers 14 3.87 0.10 

 Time2 5 71.91 0.00 

 Time2 + crop type + roost distance + lessers 12 8275.91 0.00 
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Table 3.7: Coefficient estimates (β with 95% confidence intervals [CI]) and odds ratios for the 
effect of tillage intensity on the presence of greater and lesser sandhill cranes in the San Luis 

Valley, 2020-2022.  

Covariate 
Greaters 

β (95% CI) 
Odds 

ratio 

Lessers β  
(95% CI) 

Odds 

ratio 

Autumn 
Intercept (high intensity) -9.85 (-11.09, -8.6) 0.00 -12.34 (-13.74, -10.93) 0.00 

Time 1.61 (1.25, 1.97) 5.02 2.29 (1.82, 2.76) 9.86 

Time2 -0.16 (-0.2, -0.12) 0.85 -0.24 (-0.29, -0.19) 0.79 

Low intensity 0.52 (0.13, 0.9) 1.68 0.76 (0.3, 1.22) 2.14 

Idle 0.01 (-0.37, 0.4) 1.02 0.19 (-0.24, 0.63) 1.21 

Spring 
Intercept (high intensity) -7.52 (-8.32, -6.72) 0.00 -10 (-11.13, -8.87) 0.00 

Time 1.01 (0.72, 1.3) 2.75 1.24 (0.85, 1.63) 3.46 

Time2 -0.12 (-0.16, -0.08) 0.89 -0.15 (-0.21, -0.1) 0.86 

Low intensity 0.57 (0.3, 0.83) 1.76 1.18 (0.82, 1.53) 3.24 

Idle 2.79 (2.36, 3.23) 16.36 2.1 (1.59, 2.61) 8.20 
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Figure 3.1: A map showing the San Luis Valley in Colorado and the regions in which surveys 
were conducted for greater and lesser sandhill cranes during the spring and autumn seasons, 
2020-2022.  
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Figure 3.2: The total number of greater and lesser sandhill cranes in autumn and spring in the 
San Luis Valley, Colorado, 2020-2022. The dots represent the total number of sandhill cranes 
counted in each year and season. The black line is a smoothed curved fitted using a quadratic 
relationship between total sandhill cranes and survey week. The shaded regions are 95% 
confidence intervals for the fitted curves.  
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Figure 3.3: The number of (A) greater and (B) lesser sandhill cranes throughout six regions and 
across weekly surveys in autumn in the San Luis Valley, Colorado, 2020-2022. 
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Figure 3.4: The number of (A) greater and (B) lesser sandhill cranes throughout six regions and 
across weekly surveys in spring in the San Luis Valley, Colorado, 2020-2022. 
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Figure 3.5: The probability of presence of (A) greater and (B) lesser sandhill cranes on crop 
types in the San Luis Valley, Colorado, during the autumn (solid lines) and spring (dashed lines) 
in 2020-2022. The shaded regions represent 95% confidence intervals.   



141 

 

Figure 3.6: The probability of presence of (A) greater and (B) lesser sandhill cranes as distance 
to the nearest roost increases during the autumn (solid lines) and spring (dashed lines) in the San 
Luis Valley, Colorado, 2020-2022. The shaded regions represent 95% confidence intervals.  
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Figure 3.7: The probability of presence of (A) greater and (B) lesser sandhill cranes on crop 
types and changing roost distance during the autumn (solid lines) and spring (dashed lines) in the 
San Luis Valley, Colorado, 2020-2022. The shaded regions represent 95% confidence intervals.  
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Figure 3.8: The predicted number of greater sandhill cranes in the autumn (solid line) and spring 
(dashed line) in the SLV, 2020-2022. The shaded region represents 95% confidence intervals.  
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Figure 3.9: The predicted number of greater sandhill cranes in response to roost distance and 
crop type during the autumn (solid line) and spring (dashed line) in the SLV, 2020-2022. The 
shaded region represents 95% confidence intervals. The first week for potatoes in autumn was 
removed for clarity because the confidence intervals were large. 
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Figure 3.10: The predicted number of greater sandhill cranes in response to survey week and 
crop type during the autumn (solid line) and spring (dashed line) in the SLV, 2020-2022. The 
shaded region represents 95% confidence intervals. The first week for potatoes in autumn was 
removed for clarity because the confidence intervals were large. 
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CHAPTER 4 – ENERGY AVAILABILITY FOR SANDHILL CRANES DURING SPRING 
AND AUTUMN MIGRATION IN THE SAN LUIS VALLEY, COLORADO 

 

INTRODUCTION 

Energy availability is assumed to be the most limiting factor for several avian populations 

during the non-breeding period (Williams et al., 2014). During migration, birds require energy 

and nutrient reserves to travel and find resources, thermoregulate, secure mates, and eventually 

reach their breeding or wintering grounds (Jenni & Jenni-Eiermann, 1998; Williams et al., 2014). 

An inability to acquire adequate energy and nutrients during migration has been shown to have 

cross-seasonal effects on survival (Fowler et al., 2020; Haramis et al., 1986; Hepp et al., 1986; 

Sedinger & Alisauskas, 2014) and reproduction (Alisauskas, 2002; Ankney & MacInnes, 1978; 

Devries et al., 2008). As a result, management strategies often involve improving the quantity 

and quality of foraging habitats for migrant birds to ensure they can meet their energetic needs. 

To determine if population goals are being met, many regional management plans operate on the 

idea that food limitation will have the greatest impact on the carrying capacity of an area (Central 

Valley Joint Venture, 2006; Intermountain West Joint Venture, 2013; Lancaster & Wilson, 2021). 

Carrying capacity generally refers to the number of birds of a particular species or group an area 

can support for a given length of time (Goss-Custard et al., 2002, 2003). Identifying the carrying 

capacity of areas intensively managed for migrant birds is a critical step to ensuring adequate 

resources are available and anticipating effects from management or landscape changes. 

Carrying capacity can be estimated using bioenergetics models, which incorporate the 

energy demand of individual birds and energy supply of habitat types used by species of interest 

(Beatty et al., 2015; Fino et al., 2017; Petrie et al., 2016; Williams et al., 2014). The amount of 

energy and the type of nutrients a single bird needs to survive and/or reproduce will vary 
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depending on the time of the year (Baldwin et al., 2022; Reinecke et al., 1982; Winker et al., 

1992). During spring, individuals are often focused on acquiring nutrient reserves (e.g., lipids, 

protein) needed for successfully migrating and reproducing, so birds may spend more time 

foraging and choosing foods that are easily digestible and have a higher lipid content, which is 

the major energy source for birds (Gates et al., 2001; Jenni & Jenni-Eiermann, 1998; Krapu et 

al., 1995; McLandress & Raveling, 1981). At the same time, the increase in lipid deposition also 

incurs an energetic cost to the individual (Gates et al., 2001). In contrast to spring, autumn 

migrants may allocate more of their time budget to resting, maintenance during molt, or to care 

for young (Gates et al., 2001; Portugal et al., 2007). As a result of this variation in demand, 

individuals will also vary in their energy expenditure as they go about their daily activities, such 

as foraging, maintenance, and flying (Pearse et al., 2010; Tacha et al., 1987). Environmental 

conditions, such as temperature and precipitation, will also influence energy demand, as these 

factors affect the ability of birds to thermoregulate (Baldassarre & Bolen, 1984). Quantifying the 

energetic requirements of birds allows for determining the amount of energy available on the 

landscape at specific times of the year. Different foods will provide different levels of energy and 

nutrients, and their prevalence in the diets of certain species will vary throughout the year. 

Estimating forage biomass and converting it to energetic availability is a commonly used method 

for determining energetic availability (Brasher et al., 2007; Fino et al., 2017; Heitmeyer, 2010; 

Williams et al., 2014)  

Agricultural crops provide a significant amount of energy for several migrant 

populations, including sandhill cranes (Antigone canadensis) and some species of waterfowl 

(English et al., 2017; Gates et al., 2001; Krapu et al., 2004). As a result, growing crops is often 

incorporated into management practices at nonbreeding areas (Boggie et al., 2023; English et al., 
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2017), including stopovers, which are areas used by migrant birds to rest and refuel during 

migration (Schmaljohann et al., 2022). Several stopover areas used by sandhill cranes throughout 

their range in North America are dominated by cereal grains, such as corn (Maize sp.), wheat 

(Triticum sp.), and barley (Krapu et al., 2014; Lovvorn & Kirkpatrick, 1982), and some public 

areas provide supplemental forage in the form of crops (Boggie et al., 2023). The San Luis 

Valley (SLV) in southcentral Colorado is one such stopover area for the Rocky Mountain 

Population (RMP) of greater sandhill cranes (A. c. tabida). The RMP stage in the SLV for 30-40 

days in spring as they migrate from their wintering areas in New Mexico, Arizona, and Mexico 

to their breeding areas throughout the Rocky Mountains in Wyoming, Montana, Utah, Idaho, and 

northwestern Colorado (Drewien & Bizeau, 1974; Vanausdall et al., 2024). In autumn, most of 

the RMP spends a longer period in the SLV, with some individuals remaining for up to 60 days 

(Donnelly et al., 2021; Vanausdall et al., 2024). Additionally, a smaller number of lesser sandhill 

cranes (A. c. canadensis) from the Midcontinent Population (MCP) also use the SLV during 

spring and autumn migration (Krapu et al., 2014).  

Agriculture is the main economic driver in the SLV, and barley is one of the main crops 

grown in the region, along with potatoes (Solanum tuberosum) and alfalfa (Medicago sativa; Rio 

Grande Basin Roundtable, 2022). Sandhill cranes primarily forage on waste barley that is left 

over after autumn harvest and remains during the following spring (see Chapter 2). Barley and 

other grains provide protein and a significant amount of carbohydrates (Rodehutscord et al., 

2016), which allows sandhill cranes to deposit lipid important for migration and breeding (Krapu 

et al., 1985). Most of the barley comes from private property, but the Monte Vista National 

Wildlife Refuge (MVNWR) also provides supplemental barley specifically for sandhill cranes 

and waterfowl (U.S. Fish and Wildlife Service, 2015). Previous work on sandhill cranes in the 
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SLV and populations in other parts of their range confirm that cereal grains make up a significant 

portion of their diet in spring (Ballard & Thompson, 2000; Kauffeld, 1981; Reinecke & Krapu, 

1986).  

Although numbers of RMP and MCP sandhill cranes have been relatively stable and even 

increasing in the last 20 years (Seamans 2023), several factors influence the energetics of 

sandhill cranes in the SLV and some may pose challenges to management of sandhill cranes in 

the future. After crop harvest, for example, many growers in the SLV plow and irrigate fields to 

germinate seeds and prepare fields for planting in late spring. Tillage decreases the waste seed 

available to sandhill cranes and other granivores (Krapu et al., 2004; Kross et al., 2008; 

Matthews et al., 2022; Sherfy et al., 2011). Previous research has also shown that sandhill cranes 

and geese that rely on waste grain spend less time in tilled agricultural fields than non-tilled 

fields (Anteau et al., 2011).  

Barley production and harvest overall have declined in the SLV in the last few decades 

(USDA National Agricultural Statistics Service Cropland Data Layer, 2023). Part of this decline 

could be due to decreases in barley demand, but increasing water scarcity and temperatures may 

also make growing water-intensive crops more difficult and costly (Lobell et al., 2011; Mix et al., 

2011). Most of the water used for irrigation in the SLV comes from surface water diverted from 

the Rio Grande and other tributaries, but groundwater from underground aquifers is also used to 

supplement water needs (Rio Grande Basin Roundtable, 2022). However, surface water has 

declined in the SLV and other regions in the Intermountain West due to climate change and 

overuse (Barnett et al., 2008; Chavarria & Gutzler, 2018; Donnelly et al., 2020). Extreme 

drought and limited surface water has also led to significant depletions in groundwater. These 

conditions are likely to influence overall crop dynamics and the type of crops grown. While 
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sandhill cranes will forage on other crops, particularly other grains (e.g., triticale), barley is the 

dominant crop used and the most abundant grain throughout the SLV. Given the role of barley in 

the diet of migrant sandhill cranes and its importance in improving body condition, a significant 

decline in barley or changes in postharvest may influence the energetics of sandhill cranes, which 

may subsequently affect reproduction and survival.  

The management plan for the RMP includes an objective to provide sufficient habitat to 

support a population of 17,000 – 21,000 sandhill cranes (Pacific Flyway Council and Central 

Flyway Council, 2016). Gathering baseline information on the bioenergetics of sandhill cranes 

during migration in the SLV will help inform future habitat management to support this 

objective, particularly under changing climate, agricultural, and landscape conditions. 

Specifically, determining the amount of barley required to support current and future numbers of 

RMP sandhill cranes and how that is influenced by season and tillage intensity (i.e., postharvest) 

is important for habitat managers. Our objectives were to (1) determine the influence of tillage 

intensity on barley availability to cranes, (2) examine the temporal variation in energy 

requirements of RMP sandhill cranes in spring and autumn, (3) estimate average barley 

availability and demand in the spring and autumn in the SLV, (4) relate energy demand to energy 

availability from barley using a bioenergetics model, and (5) use this model to determine the 

carrying capacity of the SLV for sandhill cranes. We predicted that waste barley would be lowest 

in the most intensively tilled fields and highest in fields that are not tilled (i.e., idle fields). We 

also predicted energy demand to increase in spring compared to autumn due to the continued 

depletion of waste barley after harvest, the need to fly farther from roosts, and increasing needs 

for fat accumulation. Sandhill cranes are central-place foragers foraging closer to roosting sites if 

adequate forage is available (Ivey et al., 2015; Johnson et al., 2014). As waste barley is depleted 
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due to granivory, germination, and deterioration, sandhill cranes must fly farther from roosts to 

obtain the necessary energy requirements (Collins et al., 2023; Johnson et al., 2014). Thus, waste 

barley is likely to be most depleted by the end of spring prior to planting for the following 

season. 

METHODS 

Study area 

The SLV is a high elevation, intermontane basin and part of the Upper Rio Grande Basin 

(Figure 4.1). The area of the valley floor is approximately 8,200 km2. The surrounding mountain 

ranges include the San Juan Mountains to the west and the Sangre de Cristo Mountains to the 

east. The headwaters of the Rio Grande are in the San Juan Mountains, and snowmelt from the 

mountains run from the river and its tributaries and provide surface water throughout the SLV. 

Peak runoff from snowmelt occurs in spring, and monsoonal rains in the summer also increase 

surface water on the valley floor. Annual precipitation, which averages less than 200 mm, is 

lower in the SLV than in the surrounding mountains, making it an arid region (Cooper et al., 

2006) confined and an unconfined aquifer contribute to hydrology in the SLV and are 

replenished by surface water (Emery et al., 1969). Temperatures range between -20°C to 20°C 

(Western Regional Climate Center, 2013) throughout the year, with average temperatures around 

6°C.  

Agriculture is the most important economic sector in the SLV (Rio Grande Basin 

Roundtable, 2022). The primary crops produced are alfalfa, barley, potatoes, and other grains, 

such as oat hay. During this study, alfalfa made up 27% of the total crop area in the SLV, while 

barley made up 12%, potatoes made up 11%, and other grains made up 12%. Crops are generally 

irrigated using center pivots, and the majority of water comes from the diversion of surface water 
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from the Rio Grande and other rivers and channels (Emery et al., 1969). Irrigation water is also 

supplemented with groundwater. Severe drought during the 2000-2004 period and overuse have 

resulted in decreased groundwater levels and resulted in the formation of groundwater 

subdistricts to improve management of groundwater withdrawals (Rio Grande Basin Roundtable, 

2015). An irrigation season limits groundwater pumping to between 1 April and 31 October. 

Much of the SLV was once composed of extensive wetland networks, but most of these 

are limited to areas managed by the state (i.e., Colorado Parks and Wildlife) and federal 

governments. The MVNWR allocates water to flood approximately 5,000 ha of wetland habitat 

for migrating waterfowl and sandhill cranes, along with wintering and breeding waterfowl and 

waterbirds (Heitmeyer & Aloia, 2013). Wet meadows and scrub-shrub habitat composed of 

greasewood and rabbitbrush are other habitat types that make up many of these properties (U.S. 

Fish and Wildlife Service, 2015). However, much of the surface water is on private areas in the 

SLV (Donnelly et al., 2021), which makes the area that can be managed intentionally more 

limited.  

Barley collection 

We focused on selection of barley fields on private property within 15 km of potential 

sandhill crane roost sites. Before autumn of each year, we randomly selected barley fields to 

sample post-harvest. We attempted to contact property owners of the barley fields selected, but 

we were not always able to successfully reach all property owners or were denied access. When 

we could not obtain permission to access a particular property, we selected another barley field 

within 1-2 km of the original field until we were able to gain access. Growers in the SLV 

typically have multiple fields that they manage, so in some cases we sampled more than one field 

for a specific property owner.  
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We sampled barley at four different time periods based on the arrival and departure of 

sandhill cranes in the autumn and spring: early autumn (pre-arrival), late autumn (post-arrival), 

early spring (pre-arrival), and late spring (post-arrival). During each sampling occasion, we 

randomly selected points within a field to collect waste barley. The number of points in each 

field varied based on the size of the field. We sampled 4-6 points for fields < 24 ha and 10-12 

points for fields > 24 ha. The number of points also varied based on logistical constraints and 

timing. We used a 0.25 m2 quadrat to sample barley (A. Lanssen pers. comm.). We opted for 

more small quadrats rather than fewer large quadrats to try to capture variability within a field. 

We avoided placing points within 10 m of a field edge (Foster et al., 2010). We collected only 

un-sprouted barley on the surface of the ground and within 5 cm of the surface of the soil. 

Although there is evidence that sandhill cranes will consume germinated grain up to 17 days 

after sprouting (Barzen et al., 2018), timing of irrigation varies widely, and it was logistically 

difficult to determine the age of sprouted waste grain during collection. Additionally, sandhill 

cranes generally prefer un-sprouted or recently germinated grain when the endosperm is still 

intact over sprouted grain and tend to cease use in fields when seedlings reach 5-10 cm 

(Littlefield, 2002). To examine differences in waste grain among fields with different tillage 

intensities, each field was classified based on the percentage of standing stubble still visible: no 

tillage or complete stubble (“idle”), >50% stubble (“low intensity”), and <50% stubble (“high 

intensity”). The collected barley was frozen at a temperature of -20°C until processing. We 

cleaned thawed samples, removed seeds still attached to the spike, and removed any awns. Grain 

seeds were dried to a constant weight at 60°C for approximately 48 hours and then weighed 

(0.001 g) to estimate biomass.  
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Unlike privately managed barley fields, the MVNWR does not harvest planted barley. 

The barley is left standing through autumn and early spring, mowed, and the cut barley is left 

prior to the peak arrival time (mid-March) of sandhill cranes in spring. We sampled all three 

barley fields for the MVNWR each year, but the first three samples were composed of both 

spilled barley and barley still left on the spike. The location of the fields did not change over the 

years. We randomly selected quadrats within each field for each season and year and sampled at 

the same time periods as for the private barley fields. We summarized these fields by averaging 

across all plots and years for each season.  

To get an estimate of the total barley available throughout the entire SLV to sandhill 

cranes and derive estimates of barley available in different tillage intensities, we used remote 

sensing techniques to classify barley fields into one of the three tillage indices. We created a 

classifier in the publicly available Google Earth Engine (Gorelick et al., 2017) to classify fields 

into idle, low intensity till, and high intensity till using training data collected on the ground in 

the SLV and from Landsat imagery. We trained the classifier using postharvest data gathered 

from fields sampled for barley and from fields used by RMP sandhill cranes during roadside 

counts (see Chapter 3). We used imagery from Landsat Operational 8 and 9 adjusted for surface 

reflectance to obtain spectral data for both the training data and the classified area. We first 

delineated barley fields for the study period (2020 and 2021) using data from the Rio Grande 

Water Conservation District (RGWCD) and the Cropland Data Layer from the U.S. Department 

of Agriculture’s National Agricultural Statistics Service (NASS). Technicians from the RGWCD 

classify agricultural fields into crop types throughout most of the SLV each year, but the area in 

Costilla County is not surveyed. We used NASS data for this region only. We used spectral 

mixture analysis to differentiate pixels in stubble (i.e., idle), bare soil, and green vegetation (i.e., 
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Normalized Difference Vegetation Index [NDVI]). Spectral mixture analysis is a remote sensing 

technique that uses reference endmembers to classify the proportional amount of habitat classes 

within pixels (Adams and Gillespie 2006). We used static endmembers from fields known to be 

in stubble and bare soil (i.e., highly tilled) in 2020 and 2021. We used the 98th percentile of 

NDVI to generate endmembers for 2020 and 2021. We then estimated the proportion of stubble, 

bare soil, and NDVI to classify pixels into these proportional habitat classes. To identify tillage 

intensity at the field level, we then obtained the following spectral information to inform a 

classifier: NDVI, Normalized Difference Soil Index (NDSI), and spectral bands 1-5 and 7. Along 

with these data layers, stubble and bare soil from spectral mixture analysis were used in the 

classifier to further differentiate fields into one of the three tillage intensity types. We assessed 

the accuracy of our classifier by comparing observed values and predicted values of tillage 

intensity at the field level. Our estimates of the proportion correctly classified (i.e., accuracy) 

were 0.82 for the 2020-2021 season and 0.81 for the 2021-2022 season. 

Behavioral observations 

We used behavioral observations to summarize behaviors across different habitats and 

tillage intensities and to inform the amount of energy allocated to different daily activities 

(Paulus, 1988). We completed focal observations of individuals throughout the primary habitats 

used by RMP sandhill cranes in the SLV. The focal habitats were described as barley, other grain, 

potatoes, alfalfa, wetland/pasture, and other habitats (e.g., grassland). We focused only on the 

diurnal period, as there is evidence that cranes spend 95% to 100% of their time resting during 

the nocturnal period (Tacha et al., 1987). Surveys began between a half hour before sunrise and 

ended at a half hour after sunset, and we attempted to survey 1-2 birds in each hour of the diurnal 

period each week. To select an individual from a flock (>20 individuals), we set up a scope, 
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looked away, and moved the scope sideways and up and down to randomly position it. We then 

used a die to randomly choose the individual and the side from which to count (even numbers to 

count from the right, odd numbers to count from the left). We used a similar random process for 

groups comprised of <20 individuals but did not move the scope randomly. For 15 minutes, we 

recorded behaviors every 10 seconds. We assigned behaviors to the following categories: 

walking (i.e., head up, walking forward, not looking at the ground), searching (i.e., walking 

while looking at the ground, searching for food), maintenance (preening, stretching, or 

scratching), resting, foraging (jabbing or probing), alert, and other (i.e., drinking, social, flying, 

or out-of-sight). We separated searching from walking to try to separate when a bird was 

apparently walking from one destination to another from when it was actively looking for food 

while walking (Barzen et al., 2018). Social behaviors included agonistic and courtship displays 

and were based on descriptions by Tacha (1988). We also recorded other variables including the 

number of conspecifics using the area, habitat type, and tillage intensity. The number of other 

cranes included cranes within approximately 100 m of the selected individual (Tacha et al., 

1987). For agricultural areas, we recorded the crop type, while tillage intensity was recorded for 

grain fields using the indices described above. 

Because we only observed sandhill cranes when they were not flying, we used another 

data source to estimate the proportion of time RMP sandhill cranes spent flying. We used data 

from birds fitted with global system for mobile communication (GSM) platform transmitter 

terminal (PTT) tags (n = 95; Evolution Series-400, 15-g; Cellular Tracking Technologies, Rio 

Grande, NJ, USA) or global positioning system (GPS) PTT tags (n = 38; PTT-100, 22-g Solar 

Argos/GPS PTT, Microwave Telemetry, Columbia, MD, USA) during the years 2015-2022. 

Details for the selection and capture of RMP sandhill cranes can be found in Boggie et al. (2018) 
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and Conring et al. (2019). We separated locations in the SLV into either roosting, loafing, or 

foraging. Descriptions on how we differentiated locations into these behaviors can be found in 

Chapter 1. We calculated the distance between foraging and roosting locations and between 

foraging and loafing locations for each year and season across all sandhill cranes. We used the 

median of these distances in each season and assumed an average speed of 47 km during flight to 

calculate the amount of time RMP sandhill cranes fly per day (Pearse et al., 2010). The average 

speed was calculated using the GSM/GPS data for all RMP sandhill cranes.  

Sandhill crane collection and proximate analysis 

We collected adult RMP sandhill cranes in the SLV to examine the temporal trends in 

body mass and body condition (i.e., lipid or fat mass) and to estimate the daily gain in fat 

throughout the spring migration period. We used data from collections that occurred in the spring 

1999-2001 for a different project, along with collections from spring 2021. We focused on 

collecting foraging RMP sandhill cranes between February through April in the SLV using a rifle 

or shotgun. Because these studies were also a part of other projects examining the food contents 

of collected sandhill cranes, individuals were observed for approximately 20 minutes to ensure 

the esophagus would contain forage. We distinguished adults from juveniles using plumage 

characteristics (Tacha, 1988). We immediately froze collected specimens. 

We obtained fresh carcass weight in the lab after thawing specimens. Individuals 

collected during the 1999-2001 period were weighed ±10 g, while individuals from the 2021 

sample were weighed ±1 g. We removed internal organs and feathers and reweighed carcasses to 

adjust lipid estimates. We sexed individuals by using observations from the field and examining 

internal organs in the lab. However, for individuals that could not be confidently sexed, we used 

genetics testing. Genomic DNA (gDNA) was isolated from 0.1 g of frozen muscle using the 
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Qiagen DNeasy blood and tissue kit (Qiagen, Valencia, California). The CHD gene, located on 

the sex chromosome, was amplified using polymerase chain reaction (PCR) using the primers 

CHD1 R and CHD1 F (Lee et al. 2010). PCR reactions to amplify CHD followed the standard 

HotStarTaq (Qiagen Inc., Valencia, CA, USA) protocol: 25 µL reactions containing 30 ng gDNA, 

12.5 µL HotStarTaq premix, 0.6 µL of each 10 µM primer, and 8.3 µL of distilled water 

(ddH2O).  The thermal profile was as follows: hot start of 80°C, initial denaturation at 95°C for 2 

min, followed by 35 cycles of denaturation at 95°C for 30 s, annealing at 49°C for 45 s, and 

extension at 73°C for 1 min, with a final extension at 73°C for 15 min. Sex was then assessed by 

running the PCR product on a 1% agarose gel by gel electrophoresis. The presence of 2 bands in 

the gel at ~550 and ~350 bp indicated the presence of both the Z and W chromosomes (i.e. 

female), whereas the presence of a single band at ~550 bp indicated the presence of only the Z 

chromosome (i.e. male; (Lee et al., 2010)). 

The ingesta-free carcasses were homogenized, and a 100-300 g sample of each carcass 

was dried to a constant weight at 80°C. Based on the period of collection, samples were 

processed for lipids using two separate but similar methods. For the 1999-2001 samples, lipids 

were extracted from the dried sample using petroleum ether in a modified Soxhlet apparatus 

(Dobush et al., 1985). The samples were then placed in a muffle furnace at 550 °C to obtain 

protein. For the 2021 samples, a 1.0-2.0 g sample of the dried homogenate was head-sealed in an 

Ankom filter bag (Ankom Technology, Macedon, New York USA) and weighed (± 0.1 mg). 

Lipids were extracted using an Ankom XT15 Lipid Extractor. The samples were reweighed to 

obtain a lean sample mass. We extrapolated sample lipids and carcass lipids by multiplying the 

sample lipid amount by the inverse of the proportion of carcass mass represented by each 

homogenate, and we used a similar method for protein content.  
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Collection of sandhill cranes was approved by the Colorado State University Institutional 

Animal Care and Use Committee (IACUC; Protocol ID 1273). The appropriate permits at the 

federal level (Permit MB89291D-0) and for New Mexico (Permit BIO 2021-016) and Colorado 

(License 1849839645) were obtained. 

Sandhill crane surveys 

We conducted weekly or bi-weekly surveys of sandhill cranes throughout the SLV to 

estimate a population index for calculating carrying capacity. Survey routes were divided into six 

major regions throughout the SLV where sandhill cranes are historically the most abundant. We 

drove survey routes within a span of 2-4 days each week during the foraging hours of sandhill 

cranes. Morning surveys occurred between a half hour before sunrise to approximately 4 hours 

after sunrise, and evening surveys were conducted between 3 hours before sunset and a half hour 

after sunset. Survey times were determined using a combination of observations of sandhill 

cranes and data from Global Positioning Systems in previous years. Morning and evening 

surveys were alternated weekly for each region. During a survey, the same observer drove the 

route and counted both greater (RMP) and lesser (MCP) sandhill cranes on fields immediately 

adjacent (i.e., within approximately 1 km) to the road. Determining subspecies was based on 

overall size and head shape (Schmitt & Hale, 1997). We did not differentiate between adults and 

hatch-year birds. For more information on roadside surveys, see Chapter 3.  

Energetics parameters and model 

We examined the energetic demand and availability of barley by RMP sandhill cranes 

using two steps (Figure 4.2). The first step involved using basic energetics equations to estimate 

average energy demand required per day by individual RMP sandhill cranes, energy supply at 

two-week periods based on biomass estimates, and extrapolating to total supply available 
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throughout autumn and spring. We divided each season into 15-day intervals (i.e., time periods) 

to improve precision and account for the limited temporal scale of some of the data inputs. For 

spring, we defined early spring (15 February – 28 February), mid-spring (1 March – 15 March), 

and late spring (16 March – 31 March). Similarly, we partitioned autumn into early autumn (1 

October – 15 October), mid-autumn (16 October – 31 October), and late autumn (1 November – 

15 November). The second step used biomass estimates and RMP sandhill crane numbers as 

inputs for a daily energetics model to calculate total daily energy demand and supply in the SLV 

under different scenarios of barley availability. 

Effect of tillage intensity and time on biomass and estimates of biomass 

We used the unweighted observations (i.e., individual plots within fields) following 

Sherfy et al. (2011) to examine the effect of tillage intensity (i.e., idle, low intensity, high 

intensity), season, and period (i.e., autumn pre-arrival, autumn post-arrival, spring pre-arrival, 

and spring post-arrival) on biomass in privately owned barley fields. For this part, we did not 

include fields managed by the MVNWR because they did not harvest barley or manage their 

fields like private growers. We included tillage intensity, an interaction of season and period, and 

year as fixed effects and field as a random effect in a general linear model. We scaled 

observations to have a mean of zero and a standard deviation of one. We used the package nlme 

in Program R (Pinheiro & Bates, 2000; Pinherio et al., 2023). We identified significant effects for 

coefficients if their 95% confidence intervals did not overlap zero. 

Effect of tillage intensity on behavior 

To examine the effects of tillage intensity on behavioral observations, we used the 

unadjusted, diurnal behavioral observations. We used the average time sandhill cranes spent in 

behaviors (i.e., alert, foraging, maintenance, resting, searching, social, and walking) during the 
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diurnal period to examine trends in behavior differences across habitat and season. To determine 

if there was an effect of tillage intensity on behavior, we only examined foraging and searching 

behavior by RMP sandhill cranes that used grain fields and used Analysis of Variance (ANOVA). 

We considered fixed effects to be significant at α=0.05. For significant effects, we used the 

Tukey-Kramer post-hoc test to determine significant (P<0.05) differences. 

Temporal trends in body mass and lipids 

To examine differences in body mass and lipid content of collected RMP sandhill cranes 

in spring, we grouped specimens into the three time periods for spring described above. We did 

this for both periods of collection. We used ANOVA with Type III sums of squares to determine 

the effects of time period and sex on both body mass and fat content. We first examined models 

with an interaction between time period and sex, but we discarded the interaction if it was not 

significant at α=0.05.   

Energy demand 

We generated estimates for energy required by an individual RMP sandhill crane in the 

SLV to calculate the energy demand (ED) required by the population (Figure 4.2). Values of 𝐸𝐷𝑡 

in kcal at time t were calculated as 𝐸𝐷𝑡 = 𝐷𝐸𝐸𝑡 ∗ 𝑁𝑡 

where 𝐷𝐸𝐸𝑡 is the daily energy expenditure at time period 𝑡 for an individual RMP sandhill 

crane and 𝑁𝑡 is the total number of RMP sandhill cranes in the SLV at time period t. Calculations 

of 𝐷𝐸𝐸𝑡 were different for both autumn and spring, as we wanted to account for the cost of lipid 

production in spring. For spring, we calculated 𝐷𝐸𝐸𝑡 as 

𝐷𝐸𝐸𝑡 = 𝐿𝑃 + 𝐶𝐹𝑡 +  ∑(𝑅𝑀𝑅𝑡𝑎𝑖𝑇𝑖)𝑛
𝑖=1  
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where 𝐿𝑃 is the cost of lipid production, 𝐶𝐹𝑡 is the cost of flight at time period 𝑡, 𝑅𝑀𝑅𝑡 is the 

resting metabolic rate at time period 𝑡, 𝑎𝑖 is the correction factor for behavior 𝑖, and 𝑇𝑖 is the 

proportion of time in a 24-hour period that RMP sandhill cranes are engaged in behavior 𝑖. We 

calculated RMR (kcal) at time t using the allometric equation 𝑅𝑀𝑅𝑡 = (0.239006)(422𝑀𝑡0.74) 

based on Miller & Eadie (2006) and Boggie et al. (2023), where 𝑀𝑡 is the average body mass 

(kg) of RMP sandhill cranes at time period 𝑡. The constant 0.239006 converts RMR from kJ to 

kcal. We used data from the collected RMP sandhill cranes and averaged body mass across the 

three time periods for spring. We set the cost of lipid production (𝐿𝑃) as 9.38 kcal/g of fat gained 

(Reinecke & Krapu, 1986). To estimate the daily rate of fat gain, we used the ANOVA result 

from the analysis described above. Specifically, we used the coefficient from the ANOVA that 

describes the relative difference between fat in late spring compared to early spring. We 

converted this value to daily fat gain.  

We used results from behavioral observations to apply correction factors to RMR 

(Williams et al. 2014). We averaged the proportion of time RMP sandhill cranes spent in the 

following behaviors for each season and applied the associated correction factor based on Tacha 

et al. (1988): alert (1.0), drinking (1.0), foraging (2.4), maintenance (1.2), out-of-sight (2.5), 

resting (1.0), searching (2.2), social (3.0), and walking (2.7). For estimates of energy demand, we 

adjusted the proportion of time spent in each behavior to a diel (24-hr) period by assuming that 

sandhill cranes mostly rested at night, because we were unable to observe flocks on the roost. 

Tacha et al. (1988) found that sandhill cranes in the Midcontinent Population spent an average of 

50-60% of time resting over a 24-hr period that included both diurnal and nocturnal 

observations. 
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We also included the proportion of time spent flying in the diel activity budgets and 

accounted for the cost of flight (CF; Pearse et al. 2010), rather than using a correction factor. We 

first estimated the metabolic power (P) required for flight using the allometric equation 𝑃𝑡 = 57.3𝑀𝑡0.813 

where 𝑃𝑡 is in Watts and based on equation 7.35 from Norberg (1996). We converted 𝑃𝑡 to kcal/h 

and multiplied it by the average daily hours RMP sandhill cranes were in flight based on the 

GSM/GPS data to get the daily cost of flight in kcal (Pearse et al., 2010). Based on examining 

average daily flight distances (described above), we converted the average total daily distance 

RMP sandhill cranes were in flight for each season and week to the average time (hr) spent 

flying. The value of CF varied by time period in spring along with body mass.  

We used the same equations for autumn, but we did not include the cost of lipid 

production. While RMP sandhill cranes are likely depositing fat in autumn, we did not have body 

mass or fat estimates for this time of the year. For both seasons, we calculated separate values for 

each sex. We did not vary DEE by age because the GSM/GPS data and fat content data were 

from adult RMP sandhill cranes. We used the resulting DEE values to estimate the amount of 

energy and barley required by an individual RMP sandhill crane in autumn and spring. We 

obtained average estimates of the amount of energy and barley required for all RMP sandhill 

cranes for a two-week period in both seasons and approximated the total requirements for each 

season.  

Energy supply 

Our estimates of energy supply were based on the area (ha) of barley identified by 

RGWCD and NASS, biomass estimates (kg/ha), and true metabolizable energy (TME) of barley. 

We found no evidence that there was depletion in low intensity fields throughout the season. This 
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was likely due to limited sample size for this category and sampling variation. For subsequent 

analyses, we combined the low and high intensity fields into a single “till” category for 

estimating energy supply and bioenergetics models. The total energy supply (𝐸𝑆𝑡ℎ) in kcal at 

time period t and in tillage intensity type h was calculated as: 𝐸𝑆𝑡ℎ = 𝐷𝑡ℎ𝐴ℎ𝑇𝑀𝐸 

where 𝐷𝑡ℎ is the biomass estimates at time period t and tillage intensity type h, 𝐴ℎ is the area of 

barley available in tillage intensity h, and 𝑇𝑀𝐸 is the true metabolizable energy of barley. 

We only considered barley to be available under three scenarios, one where barley across 

the entire SLV is available and the others where barley is available within 5 km or 10 km of 

known roosting areas. Based on previous work, we determined that RMP sandhill cranes 

generally fly no further than approximately 10 km from their roost to forage (see Chapter 2). 

Based on GSM/GPS data, average commuting distance is approximately 3 km in spring and 2.6 

km in autumn, but we wanted to consider the potential distance RMP sandhill cranes could fly to 

forage. We summed the area of barley available in each tillage intensity type using results from 

the classification of barley fields. True metabolizable energy (TME) is an estimate for the energy 

available to an individual after accounting fecal and urinary loss. We used the value 3540 kcal/kg 

(Gammonley and Laubhan, unpubl. data). 

We also accounted for the depletion of barley over time using the barley density estimates 

for each tillage intensity type. We aligned the collection of barley during the four collection 

periods (pre-arrival and post-arrival in autumn and spring) with the 15-day time intervals for 

each season. However, we did not have estimates of barley density for the second interval in 

each season, so we only reported estimates for the early and late time periods. To convert 

biomass to energy availability we multiplied biomass estimates for each tillage intensity by the 
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TME value, which provides an estimate of energy density (kcal/ha). We then used this value and 

barley area to estimate the average amount of energy available per two-week periods for the 

entire SLV. We also estimated the average supply for early autumn and late spring for all tillage 

types and for idle fields only. We then determined the percent decline in energy availability and 

compared both ED and ES across each period within spring and autumn to assess potential 

deficits in the amount of energy available to RMP sandhill cranes over time.  

Next, we estimated crane-energy days (CED; kcal/ha/crane/day) using the equation 

𝐶𝐸𝐷𝑡ℎ = (𝐷𝑡ℎ)(𝑇𝑀𝐸)𝐷𝐸𝐸𝑡  

to examine the number of cranes a ha of barley in tillage intensity type h can support during time 

period t. We extrapolated CED to the entire SLV, the area within 5 km of potential roost sites, 

and the area within 10 km of potential roost sites by multiplying each value by the area of barley 

in each tillage intensity type to estimate the total number of RMP sandhill cranes that can be 

supported given the area of barley available. 

TRUEMET Simulations 

We next used TRUEMET to calculate daily energy supply and demand over a specified 

time period and to simulate different scenarios of barley availability (Penmetcha et al., 2016; 

Petrie et al., 2016). Several Joint Ventures utilize the TRUEMET model to determine if energetic 

demands are being met under current and future habitat availability scenarios (Central Valley 

Joint Venture, 2006; Intermountain West Joint Venture, 2013). The TRUEMET model is a daily 

ration model and assumes that birds are ideal foragers and there are no costs associated with 

traveling between patches (Petrie et al., 2016). To generate daily estimates of energy demand and 

supply, we used average values calculated above as inputs into the TRUEMET model at 

specified time periods and then interpolated daily values across the entire period from October 1 
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to March 31. We modeled energy demand and supply over the entire season length (i.e., autumn 

to spring) to account for the continued depletion of barley throughout the wintering period. A 

total of eight parameters were required as input for TRUEMET: 1) the number of days being 

simulated, 2) population estimates of the target species during the time period being modeled, 3) 

daily energy expenditure, 4) habitat types used by birds for foraging, 5) area of habitat available 

in each time period, 6) biomass of food in habitat types, 6) nutritional quality or energetic 

availability of each food type, and 7) decomposition rate of each food type. Specifications of the 

complete TRUEMET model and its inputs can be found at Petrie et al. (2016), but we provide a 

brief description here. We used symbols and terminology similar to Petrie et al. (2016).  

For each season, total energy demand (𝑇𝐸𝐷𝑘) on day k was calculated as 𝑇𝐸𝐷𝑘 = 𝐷𝐸𝐸𝑘𝑁𝑘 

where 𝑁𝑘 is the number of RMP sandhill cranes in the SLV on day k and 𝐷𝐸𝐸𝑘 is the daily 

energy expenditure of an individual bird on day k. This is the same equation used to calculate 

energy demand above, except that is calculated for each day k. We used DEE values derived 

from the above methods for males and females and each two-week time period. Total energy 

supply (𝑇𝐸𝑆𝑘) on day k was calculated as 

𝑇𝐸𝑆𝑘 = ∑ 𝑁𝐸𝐹𝐻𝑘ℎ𝐻
𝑖=1  

where 𝑁𝐸𝐹𝐻𝑘ℎ is the net energy available in tillage intensity type h on day k and H is the total 

number of foraging types (i.e., tillage intensity types). Values of 𝑁𝐸𝐹𝐻𝑘ℎ are the cumulative sum 

of total energy available on the landscape for each day of the time period and are calculated as 

𝑁𝐸𝐹𝐻𝑘ℎ = {∑ 𝐸𝐹𝐻𝑘−1,ℎ − 𝐶𝐹𝐻𝑘−1,ℎ − 𝐷𝐹𝐻𝑘−1,ℎ𝑘
𝑘=1 } + 𝐸𝐹𝐻𝑘ℎ 
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where 𝐸𝐹𝐻𝑘ℎ is the energy (kcal) of barley in tillage intensity type h available at the beginning 

of day k, 𝐶𝐹𝐻𝑘ℎ is the loss of energy (kcal) in tillage intensity type h available at the beginning 

of day k due to consumption, and 𝐷𝐹𝐻𝑘ℎ is the loss of energy (kcal) in tillage intensity type h 

available at the beginning of day k due to decomposition. Next, 𝐸𝐹𝐻𝑘ℎ is calculated as 𝐸𝐹𝐻𝑘−1,ℎ = 𝐷𝑘−1,ℎ ∗ 𝐴ℎ ∗ 𝑇𝑀𝐸 

which is similar to the estimate of 𝐸𝑆𝑡ℎ, but the biomass (𝐷𝑘−1,ℎ) is estimated for each day k. For 

our starting value of 𝐷𝑘−1,ℎ, we used the average biomass estimate across years for the first time 

period in autumn and spring. The consumption of energy (𝐶𝐹𝐻𝑘ℎ) is calculated as 

𝐶𝐹𝐻ℎ = ∑ 𝑤ℎ min (𝑇𝐸𝐷𝑘, 𝑇𝐸𝑆𝑘)𝐻
𝑖=1  

where 𝑤ℎ is preference for tillage intensity type h. The value of 𝑤ℎ is between 0 and 1 and 

assumes that forage is consumed in proportion to availability and represents the proportion of 

forage consumed on each day k across all tillage intensity types. We determined 𝑤ℎ using 

roadside counts and examining the proportion of RMP sandhill cranes using fields in the tillage 

intensity types. Ideally, demand will remain lower than supply (i.e., min(𝑇𝐸𝐷𝑘 , 𝑇𝐸𝑆𝑘) = 𝑇𝐸𝐷𝑘), 

but a foraging type will be exhausted on day k if supply is lower than demand (i.e., min(𝑇𝐸𝐷𝑘, 𝑇𝐸𝑆𝑘) = 𝑇𝐸𝑆𝑘).  

Finally, to account for the decomposition of forage, we calculated 𝐷𝐹𝐻𝑘ℎ as 𝐷𝐹𝐻𝑘ℎ = 𝑁𝐸𝐹𝐻𝑘ℎ ∗ 𝑒𝑅 

where 𝑅 is the decomposition rate of barley. This value cannot vary temporally in the 

TRUEMET model. We fixed this value at -0.01 based on the approximate change in biomass 

from the end of autumn to the beginning of spring. While granivory is still occurring throughout 
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the winter, we assumed it was much less than when sandhill cranes were present and would be 

the best approximation for decomposition.  

We examined eight scenarios using values calculated in the previous sections as input 

(Table 4.1). The scenarios represented varying availability of barley depending on the total area 

of privately managed barley fields, the presence or absence of publicly managed barley fields, 

and varying numbers of RMP sandhill cranes in the SLV during autumn and spring. In scenarios 

where barley is available on public land, we assumed it would not be available until mid-spring, 

which is consistent with how the MVNWR manages barley fields. In the first scenario, we 

assumed conditions (i.e., area of barley and number of RMP sandhill cranes) were similar to 

what we observed throughout the study period. In the second scenario, we assumed no barley on 

public land was available and only considered privately managed fields. In the third scenario, we 

assumed no fields were left in stubble but that all fields in idle became tilled fields. In the fourth 

scenario, we assumed that only idle barley fields were available but the area of barley did not 

increase. Public fields were still present. For the last four scenarios, we ran each of the other 

scenarios again, but we assumed the entire population of the RMP were eventually in the SLV in 

both seasons. We adjusted the number of RMP sandhill cranes in the SLV by multiplying the 

latest three-year average (23,000) by the proportion of the total number RMP sandhill cranes 

counted in each season. We examined simulations by plotting the resulting availability of energy 

to the total demand of energy. All simulations were completed in Program R and using code 

provided by Penmetcha et al. (2016). 
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RESULTS 

Effect of tillage intensity and time on biomass  

There was higher biomass density on publicly managed fields than privately owned fields 

(Table 4.2). For private fields, idle fields had higher biomass compared to fields with low 

intensity and high intensity tillage. The model without year and main effects of tillage intensity 

type, season, and migration timing had the lowest AICc (Table 4.3). Biomass density was 

significantly higher on idle fields compared to fields with high intensity tillage (Figure 4.3). The 

effect of spring was significantly lower compared to autumn, indicating biomass decreased 

between the autumn and spring seasons.  

Effect of tillage intensity on behavior 

We completed focal observations on a total of 87 RMP sandhill cranes in autumn and 252 

RMP sandhill cranes in spring (Table 4.4). In autumn, the average proportion of time RMP 

sandhill cranes spent in diurnal behaviors were: alert 0.148 (SE=0.020), drinking 0.001 

(SE=0.004), foraging 0.526 (SE=0.330), maintenance 0.104 (SE=0.189), resting 0.061 

(SE=0.107), searching 0.071 (SE=0.107), social 0.005 (SE=0.010), and walking 0.081 

(SE=0.119). In spring, the average proportion of time RMP sandhill cranes spent in diurnal 

behaviors were: alert 0.101 (SE=0.151), drinking 0.002 (SE=0.008), foraging 0.549 (SE=0.355), 

maintenance 0.097 (SE=0.187), resting 0.082 (SE=0.178), searching 0.047 (SE=0.089), social 

0.007 (SE=0.028), and walking 0.084 (SE=0.120). Sandhill cranes spent most of their time 

foraging in all habitat types (Figure 4.4). We did not find an effect of tillage intensity on foraging 

behavior (F2,174=0.653, P=0.522) for sandhill cranes in grain fields, but we did find an effect of 

tillage intensity on searching behavior (F2,175=20.393, P<0.001). Sandhill cranes spent more time 
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searching in high intensity grain fields compared to low intensity grain fields (P=0.003) and 

fields in idle (P<0.001). 

Temporal trends in body mass and lipids 

We collected a total of 108 adult RMP sandhill cranes during 1999-2001 (n=84) and in 

2021 (n=24). For both body mass and fat content, the interaction of time period and sex was not 

significant. Males were heavier than females (F1,104=41.435, P<0.001). There was a general 

increasing trend in body mass over time, but the effect was not significant (F2,104=2.532, P= 

0.120; Fig. 5A). Time period was significant for fat content (F2,104=14.292, P<0.001), with both 

mid-spring (P=0.003) and late spring (P<0.001) having greater fat content overall than early 

spring. There was no significant difference between mid-spring and late spring. Males had 

slightly higher fat content than females (Figure 4.5B), but the effect was not significant 

(F1,104=2.910, P=0.067). Based on the model without an interaction, fat content was predicted to 

be approximately 0.147 kg higher for both males and females between early spring and late 

spring, which equates to 3.267 g gained per day.  

Energy demand 

Males showed higher DEE than females in both seasons (Table 4.5), particularly in 

spring. Without the cost of lipid production, values of DEE were comparable across time periods 

in both seasons but slightly higher in the late part of spring. Spring overall showed higher energy 

demands due to increased mass in both males and females and a greater amount of time spent 

flying in spring compared to autumn (Figure 4.6). When including the cost of lipid production, 

the amount of energy required per day increased by approximately 30.673 kcal. For spring, we 

used values of DEE that incorporated the cost of lipid production in subsequent analyses.  
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Using the estimates of DEE, individual RMP sandhill cranes required between 0.129 to 

0.160 kg of barley per day to meet energy requirements (Table 4.5). When extrapolating to the 

population by using the roadside counts of sandhill cranes, the total amount of barley needed 

ranged between approximately 717 kg of barley per day to 5,000 kg of barley per day (Table 

4.6). We estimated the total energy required by the population per two-week time period for 

autumn to be 95.0 x 106 kcal (95% CI = 63.0 x 106 – 127.0 x 106 kcal), and the total demand for 

the autumn season was approximately 284.9 x 106 kcal (0.08 x 106 kg of barley). In spring, the 

two-week requirement averaged 145.1 x 106 kcal (95% CI = 100.6 x 106 – 189.7 x 106 kcal), and 

the total demand for the season was approximately 435.4 x 106 kcal (0.1 x 106 kg of barley). 

Energy supply 

We estimated the area of barley in the SLV across each year to be 18,362 ha in the 2020-

2021 season and 17,182 ha in the 2021-2022 season (Table 4.7). Most of the area was in high 

intensity till in both seasons, and this was true for the areas within 5 km and 10 km of potential 

roost sites. For combining tilled fields, we used average estimates of 49.49 kcal/ha in early 

autumn, 20.34 kcal/ha in late autumn, and 17.08 kcal/ha for both early and late spring. For the 

latter value, we did not find evidence of depletion for tilled fields overall, so it represents the 

weighted average of tilled fields in both early and late spring. Using a TME of 3,540 kcal/kg, we 

estimated the total energetic availability of barley throughout the entire SLV to range between 

approximately 9.1 x 106 kcal on public managed barley fields in spring and 5086.0 x 106 kcal on 

privately managed idle barley fields in autumn (Table 4.8). The average energy supply per two-

week time period was 2533.9 x 106 kcal (95% CI = 1462.0 x 106, 3604.7 x 106 kcal) in autumn 

and 805.5 x 106 kcal (95% CI = 324.2 x 107, 1286.8 x 106 kcal) in spring for the entire SLV. The 

average energy supply was 5905.5 x 106 kcal (1.7 x 106 kg of barley) for early autumn and 
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1589.9 x 106 kcal (0.4 x 106 kg of barley) in late spring for the entire SLV. When only 

considering idle fields, energy supply averaged 3728.9 x 106 kcal (1.1 x 106 kg of barley) in early 

autumn and 832.7 x 106 kcal (0.2 x 106 kg of barley) in late spring. The changes in energy 

availability represented a 73% decline for all tillage types combined and a 78% decline for idle 

barley fields, but energy supply still far exceeded demand in both cases. 

Barley fields on public lands that are left idle in spring could support the highest densities 

of RMP sandhill cranes (Figure 4.7), followed by idle fields on private land. However, when 

extrapolating to the area of barley available each year within 5 km of roosts, idle fields on private 

land could support the greatest number of RMP sandhill cranes overall in both seasons and time 

periods (Figure 4.8). An average total of 7.7 x 106 RMP sandhill cranes (95% CI = 4.5 x 106, 

10.9 x 106) could be supported per day in autumn and 2.2 x 106 RMP sandhill cranes (95% CI = 

0.9 x 106, 3.6 x 106) could be supported per day in spring given the area of barley available 

within 5 km of roosts. Within 10 km of roosts, an average of 9.7 x 106 RMP sandhill cranes (95% 

= 5.5 x 106 – 14.0 x 106) and 2.8 x 106 RMP sandhill cranes (95% CI = 1.1 x 106 – 4.5 x 106) 

could be supported per day in autumn and spring, respectively. The entire SLV could support 

10.5 x 106 RMP sandhill cranes (95% CI = 6.1 x 106 – 15.0 x 106) and 3.0 x 106 RMP sandhill 

cranes (95% CI = 1.2 x 106 – 4.9 x 106) in autumn and spring, respectively.  

TRUEMET Simulations 

In most scenarios under the TRUEMET model, energy availability far exceeded demand 

(Figure 4.9, Figure 4.10). At peak migration, RMP sandhill cranes required 4.7 x 106 kcal and 8.8 

kcal x 106 kcal per day in autumn and spring, respectively, for the first four scenarios. These 

values were 11.3 x 106 kcal in autumn and 12.5 x 106 kcal in spring for the other scenarios. 

Across the entire timeframe examined (October 1 – March 31), a total of 463.5 x 106 kcal was 
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required for the first four scenarios, while a total of 853.4 x 106 kcal was required for the other 

scenarios. Supply at peak migration varied across scenarios, except that there was little 

difference in supply between scenarios with publicly managed barley and scenarios without it 

(Table 4.9). Under Scenarios 1, 2, 3, and 4, energy supply declined by 86%, 90%, 90%, and 87% 

from its original amount, respectively (Table 4.9). Scenarios 5, 6, 7, and 8 showed declines of 

90%, 93%, 97%, and 93%, respectively (Table 4.9). The scenarios where no grain fields were left 

idle (Scenarios 3 and 6) showed the lowest energy supply at the end of spring.  

DISCUSSION 

Sandhill cranes rely on a spatially variable but abundant food source in the SLV. We 

found that the density of waste barley leftover after harvest declined from autumn to spring and 

was greatest in fields that were not tilled or only moderately tilled. Variations in barley 

availability contributed to changes in body mass and lipid content of RMP sandhill cranes in 

spring, with both sexes showing a positive trend in lipid gain throughout the season, and this 

ultimately influenced their overall energy requirements. Other factors, including increased flight 

distances due to depleting resources and potential changes in behavior due to tillage practice, 

also likely influenced energy expenditure. However, despite there being only a small area of 

barley managed specifically for sandhill cranes on public lands in the SLV, the supply of barley 

currently seems to exceed energetic demands based on our estimates and simulations.  

While we are confident in the determination that adequate forage is available to sandhill 

cranes in the SLV, there are some factors we did not incorporate into our estimates and 

simulations that could be assessed in future studies. First, we did not account for a foraging 

threshold, which is the amount of forage at which a bird abandons a patch (Brown 1988, Pearse 

and Stafford 2014). For example, Greer et al. (2009) observed that waterfowl abandoned rice 



186 

fields below a biomass of 50 kg/ha. As a result, even if grain is present in fields that are idle or 

moderately tilled, they may be abandoned at lower densities, which would drastically decrease 

the amount of barley available on the landscape compared to our estimates. There is currently no 

foraging threshold estimated for sandhill cranes and future work could improve understanding of 

available energy on the landscape. However, our estimates of energy availability from idle fields, 

which provide the most waste seed on average, still supplied enough forage for the RMP. 

Second, using bioenergetics models requires making several assumptions that we were not able 

to validate. For example, we assumed that RMP sandhill cranes depleted resources at a constant 

rate throughout the season. Rate of consumption or how much time a bird spends foraging may 

vary based on temperature, individual condition, and disturbance (Ladin et al., 2011; Morton et 

al., 2018), all factors for which we did not account. Boggie et al. (2018), for example, found that 

sandhill cranes increased foraging throughout the winter due to increased energetic demands. 

Third, we recognize total energetic demands may be underestimated because (1) we did not 

include lesser sandhill cranes in the MCP in our estimates of energy demand and (2) sandhill 

cranes may start arriving in the SLV prior to October 1 (Vanausdall et al 2024). Both factors 

would increase the amount of energy required during a season. It is estimated that approximately 

5,000 MCP sandhill cranes use the SLV during autumn and spring (see Chapter 3). Our focus 

was on the RMP sandhill cranes, so we did not complete focal observations of MCP sandhill 

cranes nor have data on their body condition and movement patterns. Finally, barley is not the 

only food consumed by RMP sandhill cranes during migration, so our estimates of energy supply 

are likely underestimated. In both autumn and spring, sandhill cranes will consume a variety of 

natural foods and agricultural crops, including invertebrates from wetlands and grasslands (Davis 
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& Vohs, 1993; Littlefield, 2002; Reinecke & Krapu, 1986). Future research may incorporate the 

contribution of other food items to their diet and the overall energetic supply on the landscape. 

The finding that waste barley is the densest in idle fields is consistent with several studies 

that have examined biomass of agricultural foods consumed by birds (Baldassarre et al., 1983; 

Foster et al., 2010; Sherfy et al., 2011). Values for idle fields (~200 kg/ha in early autumn; ~45 

kg/ha in late spring) are within range of those estimated by Gammonley and Laubhan (unpubl. 

data) in 1999-2001 in the SLV in spring. Our estimates of biomass in intensely tilled fields (~50 

kg/ha in early autumn; 17 kg/ha in late spring) were greater than their estimates (0.04 kg/ha from 

three fields), but we sampled considerably more fields that had a higher variability of waste seed. 

The greater amount of waste seed available on barley fields is also consistent with findings that 

greater sandhill cranes in the SLV select idle fields over tilled fields (results in Chapter 3). 

Similarly, sandhill cranes in the MCP were found to spend more time in idle fields where waste 

corn seed was highest (Anteau et al., 2011; Krapu et al., 2014). We found that waste barley 

decreased significantly between autumn and spring, which may influence use by RMP sandhill 

cranes over time. While this decline is partly due to foraging by sandhill cranes, other factors, 

such as granivory by other species (e.g., waterfowl, elk) and seed deterioration, contribute to 

seed depletion. We also were not always able to account for additional tillage by growers, which 

could lead to further decline in waste seed. Depletion will likely influence energetics, as sandhill 

cranes tend to move farther from roosting sites as resources are depleted nearby to find more 

high-quality patches (Alonso et al., 1984; Collins et al., 2023). 

The decrease in waste barley was concomitant with changes in body condition in RMP 

sandhill cranes. Consistent with our hypothesis, RMP sandhill cranes showed an increase in lipid 

mass and body mass between early spring and late spring. Studies of MCP sandhill cranes have 
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found similar trends in lipid gain during spring migration (Krapu et al., 1985), and others have 

found rapid lipid increases in waterfowl (Austin & Fredrickson, 1987; Skalos et al., 2021) and 

shorebirds (Battley et al., 2004) during spring migration. Lipids are the main source of energy 

during migration (Jenni & Jenni-Eiermann, 1998; McWilliams et al., 2004; Odum & Connell, 

1956), and acquiring adequate nutrient reserves has been associated with improved reproductive 

performance (Alisauskas, 2002; Devries et al., 2008), as they may improve body condition and 

contribute to egg formation (Hobson et al., 2011). Other nutrients, such as protein, are also 

important to reproduction, but protein is not stored like lipids and is catabolized from muscle 

tissue, which may adversely affect flight performance and overall body condition during 

migration (Hobson et al., 2011; Jenni & Jenni-Eiermann, 1998). Krapu et al. (1985) postulated 

that compared to other species, such as Arctic-nesting geese, sandhill cranes likely allocate 

relatively less of their nutrient reserves to egg formation and instead rely more on resources 

acquired at the breeding grounds. At the same time, increased lipid reserves buffers against poor 

weather or habitat conditions that may affect energy expenditure and improve survival in 

subsequent seasons (Morrison et al., 2007), so it is still advantageous to increase lipid levels 

during this period. Our estimate of daily lipid gain was less than that found for MCP sandhill 

cranes, where Krapu et al. (1985) found a daily gain of approximately 12-15 g of lipids during 

the entire spring migration. Our values may be an underestimate due to sample size limitations or 

examining trends over a shorter timeframe.  

We also estimated an increase in DEE values for greater sandhill cranes from autumn to 

spring, which is consistent with an increase in body mass and lipid gain in spring. Our estimates 

are comparable to DEE estimated for sandhill cranes in the MCP. Tacha et al. (1987) found that 

approximately 536 kcal were required for sandhill cranes during spring in Nebraska, but they did 
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not differentiate DEE among greater and lesser sandhill cranes. They also found an increase in 

energy requirements as sandhill cranes flew north to their breeding grounds. While our spring 

estimates incorporated lipid gain whereas autumn did not, increases in energy requirements could 

additionally be explained by other factors. For example, we found evidence that RMP sandhill 

cranes are flying greater distances in spring than in autumn, which is likely related to depletion 

of barley near roosts and may require sandhill cranes to acquire higher energetic reserves. Other 

studies have examined movement of waterfowl in relation to roosts and forage depletion and 

found evidence that some species will move farther for preferred foods (Frederick et al., 1987; 

Johnson et al., 2014). Collins et al. (2023) also found that greater sandhill cranes in the Lower 

Colorado River Valley population are more likely to use grain fields farther from roosts than 

other crop types at the same distance. Our results indicate that sandhill cranes spend more time 

searching in fields with less waste barley, which may also influence energetic expenditure. 

Similarly, Krapu et al. (2014) observed a higher proportion of walking by sandhill cranes in 

years with less corn available. Overall, our results are consistent with other work showing the 

higher energetic demands of spring due to various factors.  

The density of waste seed contributed to an overall high supply of barley available to 

sandhill cranes in the SLV that exceeded population demand. We estimated that an average of 

approximately 5900 million kcal and 1600 million kcal were available in early autumn and late 

spring, respectively, for sandhill cranes. While most of the barley fields were tilled, the area of 

publicly managed barley fields coupled with the area of idle fields meant that a considerable 

amount of energy was on the landscape. Considering that we estimated total energy demands of 

285 million kcal in autumn and 435 million kcal in spring for the observed number of RMP 

sandhill cranes, our estimates of energy supply indicate that the SLV could support more sandhill 
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cranes than are currently observed. Additionally, while we did not estimate energy demands for 

MCP sandhill cranes, the availability of more barley would support lesser sandhill cranes too. 

While there are other factors, such as social organization, forage availability in other parts of 

their range, or limitations in roosting habitat, that would limit such a high density of sandhill 

cranes, this result emphasizes the high availability of barley on publicly managed and idle barley 

fields in the SLV.  

Our TRUEMET models also showed high amounts of energy available under various 

scenarios. Under scenarios where idle fields covered a large area and the number of RMP 

sandhill cranes represented the three-year average population size, energy supply was near 3 

billion kcal higher than energy demand at its peak in autumn and 600 million kcal higher than 

energy demand in spring. Given our decomposition rate in addition to foraging by sandhill 

cranes, barley declined relatively rapidly throughout the season. Additionally, the availability of 

publicly managed fields only moderately increased energy supply. While our scenario of no idle 

fields represents an extreme case, our results provide evidence that supplemental forage alone 

will not provide enough energy for RMP sandhill cranes in the SLV. This is in contrast to the 

situation in one of their main wintering areas in New Mexico, where supplemental corn is 

provided for sandhill cranes and waterfowl (Boggie et al. 2023). Boggie et al. (2023) estimated 

that about 4.8 billion kcal were on state and federal land providing corn and able to feed the 

population of sandhill cranes and waterfowl that winter there for up to 101 days. In the SLV, 

supplemental forage may need to exist in addition to grain on private lands, with an emphasis on 

idle postharvest practices. Scenarios 4 and 8 were also extreme cases where only idle and 

publicly managed grain fields were available, but they still provided enough energy for the RMP.  
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The SLV appears to currently provide enough barley to meet the energetic needs of RMP 

sandhill cranes and likely those of MCP sandhill cranes during autumn and spring migration. 

Tillage intensity greatly influences barley availability, and continued monitoring of tillage 

practices throughout the area will inform management decisions. While grains provided by the 

MVNWR contributed relatively little to overall energetic availability, the refuge still provides a 

reliable source of energy each spring. The increase in lipid levels of RMP sandhill cranes also 

emphasizes the importance of assessing their energetics and movement patterns to gauge the 

overall health of the population. Other factors, such as the distance between barley fields and 

roosts, will also affect energy expenditure. Consideration of roosting areas near private or public 

grain fields should also be a part of management decisions.  
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TABLES AND FIGURES 

Table 4.1: Scenario descriptions for the TRUEMET model simulating changes in Rocky 
Mountain Population greater sandhill crane numbers and area of grain fields under different 
tillage intensity practices in the San Luis Valley, Colorado. Simulations estimated the energy 
supply and demand under each scenario for a period between 1 October to 31 March.  

Scenario 
Crane 

population 

Idle 
(ha) 

Till 
(ha) 

Public 
(ha) Description 

1 Observed 4016 8685 95 
Observed RMP sandhill crane 
numbers; average grain area 

2 Observed 4016 8685 0 

Observed RMP sandhill crane 
numbers; average grain area but no 
publicly grown grain 

3 Observed 0 12701 95 

Observed RMP sandhill crane 
numbers; 50% idle fields become 
low intensity and 50% become 
high intensity 

4 Observed 4016 0 95 

Observed RMP sandhill crane 
numbers; only idle private and 
public fields remain 

5 
Maximum 

23000 
4016 8685 95 

Three-year average RMP sandhill 
crane numbers; average grain area 

6 
Maximum 

23000 
4016 8685 0 

Three-year average of RMP 
sandhill crane numbers; average 
grain area but no publicly grown 
grain 

7 
Maximum 

23000 
0 12701 95 

Three-year average of RMP 
sandhill crane numbers; 50% idle 
fields become low intensity and 
50% become high intensity 

8 
Maximum 

230000 
4016 0 95 

Three-year average of RMP 
sandhill crane numbers; only idle 
private and public fields remain 
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Table 4.2: The average (𝑥̅) biomass (kg/ha) estimated using 0.25 m2 quadrats for barley fields 
with varying levels of tillage intensity across autumn (2020-2021) and spring (2021-2022) in the 
San Luis Valley, Colorado. 

Tillage intensity Season 𝑥̅ 
95% 

lower CI 
95% upper 

CI No. samples 
No. 

fields 

High intensity till Autumn 
sample 1 

51.762 38.335 65.190 262 29 

 Autumn 
sample 2 

14.466 10.416 18.515 455 48 

 Spring 
sample 1 

16.684 4.975 28.392 166 18 

 Spring 
sample 2 

15.557 6.004 25.110 447 43 

Low intensity till Autumn 
sample 1 

42.899 29.081 56.717 80 10 

 Autumn 
sample 2 

79.796 17.976 141.617 45 7 

 Spring 
sample 1 

14.860 5.090 24.630 6 1 

 Spring 
sample 2 

27.928 19.942 35.914 70 9 

Idle Autumn 
sample 1 

198.671 140.264 257.077 263 30 

 Autumn 
sample 2 

175.466 94.176 256.756 196 17 

 Spring 
sample 1 

121.593 85.255 157.930 166 13 

 Spring 
sample 2 

44.364 35.634 53.094 135 9 

Public Autumn 
sample 1 

1693.667 1157.390 2229.944 44 3 

 Autumn 
sample 2 

1180.462 838.706 1522.219 68 3 

 Spring 
sample 1 

632.490 453.279 811.702 73 3 

 Spring 
sample 2 

26.928 21.183 32.672 76 3 
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Table 4.3: Model selection results for the effect of tillage intensity (idle, low intensity till, high 
intensity till), season (autumn, spring), and migration timing (pre-arrival, post-arrival) on 
biomass (kg/ha) in barley fields used by RMP sandhill cranes in the San Luis Valley, Colorado, 
2020-2022). 

Model K AICc ΔAICc 

Tillage intensity + season + migration timing 7 5333.032 0.000 

Tillage intensity + season + migration timing + year 8 5334.098 1.066 

Tillage intensity + season*migration timing 8 5335.045 2.013 

Tillage intensity + season*migration timing + year 9 5336.109 3.076 
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Table 4.4: The number of RMP sandhill cranes observed and with recorded behaviors in the San 
Luis Valley, Colorado, 2020-2022.  

Habitat Autumn Spring 

Alfalfa 2 16 

Grain 64 120 

Potatoes 0 17 

Pasture/wetland 20 85 

Other 1 14 
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Table 4.5: The daily energy expenditure (DEE) and barley requirements of individual RMP 
sandhill cranes at time period t (early, mid, late) during the autumn and spring in the San Luis 
Valley, Colorado. 

  𝐷𝐸𝐸𝑡 

(kcal) 
Barley 

required/day (kg) 
Season Time period Male Female Male Female 

Autumn Early 502 462 0.142 0.130 

 Mid 498 458 0.141 0.129 

 Late 501 460 0.141 0.130 

Spring Early 553 500 0.156 0.141 

 Mid 566 513 0.160 0.145 

 Late 562 522 0.159 0.148 
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Table 4.6: The daily energy expenditure (DEE; kcal) and energy demand (ED; kcal) of all RMP 
sandhill cranes at time period t (early, mid, late) during the autumn and spring in the San Luis 
Valley, Colorado.  

Season Year Time 
period 

No. 
greaters 

𝐸𝐷𝑡 male 
(thousands 

of kcal) 

𝐸𝐷𝑡 female 
(thousands 

of kcal) 

𝐸𝐷𝑡 total 
(thousands 

of kcal) 

Barley 
required/day 

(kg) 

Autumn 2020 Early 13942 3502 3220 6722 1899 
 

 Mid 22802 5682 5225 10907 3081 
 

 Late 5285 1323 1216 2539 717 
 

2021 Early 10178 2557 2351 4907 1386 
 

 Mid 15840 3947 3630 7577 2140 
 

 Late 16767 4196 3858 8054 2275 

Spring 2020 Early 15950 4412 3984 8395 2372 
 

 Mid 17717 5018 4541 9559 2700 
 

 Late 14176 3985 3703 7689 2172 
 

2021 Early 20922 5787 5226 11013 3111 
 

 Mid 29666 8402 7604 16005 4521 
 

 Late 13239 3722 3459 7180 2028 
 

2022 Early 14569 4030 3639 7669 2166 
 

 Mid 33375 9452 8554 18006 5087 
 

 Late 14368 4039 3754 7793 2201 
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Table 4.7: Area and proportion of barley in different tillage intensities and within 5 km and 10 
km of RMP sandhill crane roosts and throughout the entire San Luis Valley (SLV) in Colorado.  

  Area (ha) within Proportion of total within 

Year Tillage 
intensity 

5 km 10 km SLV 5 km 10 km SLV 

2020-2021 Idle 2745 3324 3493 0.23 0.20 0.19 
 

Low intensity 
till 3976 5605 6429 0.33 0.34 0.35 

 
High 
intensity till 5385 7373 8440 0.44 0.45 0.46 

2021-2022 Idle 5287 6894 7301 0.40 0.44 0.42 
 

Low intensity 
till 1279 1798 2366 0.10 0.12 0.14 

 
High 
intensity till 6731 6827 7515 0.50 0.44 0.44 
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Table 4.8: The energy supply (ES) for time period t and tillage intensity h provided by barley in 
the San Luis Valley, Colorado during the autumn and spring migration of Rocky Mountain 
Population sandhill cranes. 

Tillage 
intensity 

Year Season 
Time 
period 

𝐸𝑆𝑡 within 
5 km 

(millions 
of kcal) 

𝐸𝑆𝑡 within 
10 km 

(millions 
of kcal) 

𝐸𝑆𝑡 in 
SLV 

(millions 
of kcal) 

Idle (private) 2020-2021 autumn early 1863.72 2270.56 2389.75 

  
 

late 1668.78 2033.07 2139.79 

  spring early 1140.65 1389.65 1462.60 

  
 

late 416.18 507.03 533.64 

 2021-2022 autumn early 3651.19 4781.54 5068.01 

  
 

late 3269.28 4281.40 4537.91 

  spring early 2234.64 2926.45 3101.78 

  
 

late 815.33 1067.74 1131.71 

Idle (public) 2020-2021 spring early 212.84 212.84 212.84 

  
 

late 9.06 9.06 9.06 

 2021-2022 spring early 212.84 212.84 212.84 

  
 

late 9.06 9.06 9.06 

Till 2020-2021 autumn early 1646.46 2282.80 2615.38 

  
 

late 673.98 934.47 1070.61 

  spring early 565.92 784.65 898.96 

  
 

late 565.92 784.65 898.96 

 2021-2022 autumn early 1408.94 1517.16 1737.95 

  
 

late 576.75 621.06 711.43 

  spring early 484.28 521.48 597.37 

  
 

late 484.28 521.48 597.37 
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Table 4.9: The energy supply (millions of kcal) available at the beginning of the season (early 
autumn), at the end of the season (late spring), peak migration in autumn, and peak migration in 
spring under six scenarios modeled using TRUEMET for RMP sandhill cranes in the San Luis 
Valley, Colorado.  

Scenario Initial 
supply 

Supply end 
of spring 

Supply at peak 
autumn migration 

Supply at peak 
spring migration 

1 4366.36 621.58 3293.97 803.96 

2 4366.36 454.90 3293.97 748.17 

3 2248.08 226.30 1660.67 343.97 

4 2829.11 367.47 2108.67 480.93 

5 4366.36 464.05 3190.28 675.76 

6 4366.36 297.37 3190.28 619.97 

7 2248.08 68.78 1556.98 215.77 

8 2829.11 209.95 2004.99 352.73 
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Figure 4.1: The San Luis Valley, Colorado, with agricultural fields, sampled barley fields, and 
state and federal properties historically used by sandhill cranes.  
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Figure 4.2: A diagram of the inputs used to calculate energy demand per day and individual and 
total energy supply for sandhill cranes in the San Luis Valley, Colorado during autumn and 
spring migration.  
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Figure 4.3: Coefficient estimates for covariates related to tillage intensity, season, and migration 
timing and their effects on biomass (kg/ha) in barley fields during the autumn and spring in the 
San Luis Valley, Colorado, 2020-2022. The reference level is the high intensity postharvest 
treatment during autumn and the first sampling event. The dashed line intersects zero, and the 
horizontal bars are 95% confidence intervals. 
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Figure 4.4: The average proportion of time RMP sandhill cranes spent in different behaviors 
during autumn and spring migration (2020-2022) in the San Luis Valley, Colorado. The vertical 
lines represent 95% confidence intervals.  
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Figure 4.5: The average (A) body mass and (B) fat content for adult RMP sandhill cranes 
collected during the springs of 1999-2001 and 2021 in the San Luis Valley, Colorado. 
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Figure 4.6: The mean weekly flight distance of RMP sandhill cranes traveling between foraging 
areas and loafing areas (forage/loaf) and between forage areas and roosting areas (forage/roost) 
in the San Luis Valley, Colorado, 2015-2022. The shaded regions are 95% confidence intervals. 
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Figure 4.7: The number of sandhill cranes per ha that barley fields in different tillage intensity 
types can support per day in the San Luis Valley, Colorado. The values are based on the true 
metabolizable energy of barley (3,540 kcal/kg), the daily energy expenditure of Rocky Mountain 
Population sandhill cranes, and the biomass (kg/ha) of waste barley sampled during the early and 
late part of the autumn and spring seasons.  
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Figure 4.8: The number of sandhill cranes that barley fields in different tillage intensity types and 
within 5 km of potential roost sites can support per day in the San Luis Valley, Colorado. The 
values are based on the true metabolizable energy of barley (3,540 kcal/kg), the daily energy 
expenditure of Rocky Mountain Population sandhill cranes, and the biomass (kg/ha) of waste 
barley sampled during the early and late part of the autumn and spring seasons.  
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Figure 4.9: Energy supply under scenarios with (A) observed Rocky Mountain Population 
(RMP) sandhill crane numbers and (B) a maximum of 23,000 RMP sandhill crane numbers using 
the TRUEMET model for autumn and spring migration periods in the San Luis Valley, Colorado. 
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Figure 4.10: Energy demand under scenarios with observed Rocky Mountain Population (RMP) 
sandhill crane numbers (solid line) and three-year average RMP sandhill crane numbers (dashed 
line) using the TRUEMET model for autumn and spring migration periods in the San Luis 
Valley, Colorado. 
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APPENDIX S1 

Table S1.1: Coefficient estimates for the effects of a time trend within years and a time trend 

over years on the persistence probability (φ) of sandhill cranes in the San Luis Valley, Colorado, 
2015-2022. 

 

Covariate Coefficient estimate (95% 

confidence intervals) 

Autumn 

intercept 9.24 (7.97, 10.51) 

time -0.07 (-0.09, -0.06) 

time trend over years -0.06 (-0.14, 0.03) 

Spring 

intercept  6.83 (6.21, 7.45) 

time -0.07 (-0.08, -0.06) 

time trend over years 0.05 (-0.01, 0.11) 
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Figure S1.1: Average maximum temperature during the autumn and spring periods in the San 
Luis Valley, Colorado, 2015-2022.  
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Figure S1.2: Proportion of counts of wind direction and wind speed at the surface and altitudes 
of 700 hPa (3,000 m above sea level) and 600 hPa (4,500 m above sea level) for the autumn and 
spring periods in the San Luis Valley, Colorado, 2015-2022.  
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Figure S1.3: Average tailwind at the surface and altitudes of 700 hPa (3,000 m above sea level) 
and 600 hPa (4,500 m above sea level) during the autumn and spring periods in the San Luis 
Valley, Colorado, 2015-2022. The shaded area represents 95% confidence intervals. 
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Figure S1.4: Average barometric air pressure during the autumn and spring periods in the San 
Luis Valley, Colorado, 2015-2022. The shaded area represents 95% confidence intervals. 
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Figure S1.5: Average surface water area during the autumn and spring periods in the San Luis 
Valley, Colorado, 2015-2022. The shaded area represents 95% confidence intervals. 
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APPENDIX S2 

Table S2.1: Coefficient estimates (with 95% confidence intervals [CI])) for the effect of covariates on the log-odds of presence of 
greater and lesser sandhill cranes on crop fields in the San Luis Valley, Colorado, 2020-2022. Roost distance is the distance (m) to the 
nearest potential roost. Time represents the survey week during which roadside surveys were conducted.  

  Greaters Lessers 

Model Covariate Autumn Spring Autumn Spring 

Time2 + crop type*roost 
distance 

Intercept (alfalfa) -11.59 (-12.84, -10.34) -9.95 (-10.71, -9.18) -12.99 (-14.4, -
11.57) 

-11.95 (-13.05, -10.84) 

 Barley 4.01 (2.99, 5.02) 3.86 (3.25, 4.46) 3.13 (2.09, 4.17) 3.65 (2.81, 4.49) 
 Other 0.50 (-0.57, 1.57) 0.92 (0.30, 1.55) 0.00 (-1.12, 1.11) 0.83 (-0.06, 1.72) 
 Other grain 2.36 (1.25, 3.47) 2.35 (1.69, 3) 1.90 (0.7, 3.11) 1.83 (0.87, 2.79) 
 Pasture 0.84 (-0.35, 2.04) 0.89 (0.06, 1.72) 0.07 (-1.31, 1.44) 1.05 (-0.10, 2.20) 
 Potatoes 0.28 (-0.86, 1.42) 1.11 (0.45, 1.78) -1.09 (-2.92, 0.73) 0.44 (-0.57, 1.46) 
 Roost distance -1.72 (-2.93, -0.52) -1.64 (-2.31, -0.98) -1.75 (-2.96, -0.54) -1.67 (-2.59, -0.75) 
 Roost distance*barley 0.10 (-1.16, 1.36) 0.91 (0.22, 1.61) 0.21 (-1.07, 1.49) 0.97 (0.01, 1.93) 
 Roost distance*other 1.40 (0.14, 2.67) 1.12 (0.41, 1.84) 1.30 (0, 2.61) 1.31 (0.32, 2.3) 
 Roost distance*other 

grain 

0.13 (-1.23, 1.49) 0.69 (-0.05, 1.43) 0.14 (-1.35, 1.63) 0.41 (-0.66, 1.49) 

 Roost distance*pasture 1.71 (0.26, 3.16) 1.19 (0.24, 2.15) 1.81 (0.15, 3.47) 1.26 (-0.06, 2.57) 
 Roost 

distance*potatoes 

0.79 (-0.58, 2.16) -0.26 (-1.06, 0.53) -0.72 (-3.07, 1.63) -0.6 (-1.81, 0.61) 

 Time 1.26 (0.98, 1.54) 1.02 (0.81, 1.24) 1.87 (1.52, 2.23) 1.13 (0.84, 1.42) 
 Time2 -0.13 (-0.16, -0.10) -0.12 (-0.15, -0.09) -0.20 (-0.24, -0.16) -0.13 (-0.17, -0.1) 

Time2*crop type + roost 
distance 

Intercept (alfalfa) -10.08 (-11.57, -8.59) -9.27 (-10.41, -8.13) -12.34 (-14.06, -
10.62) 

-11.08 (-12.6, -9.56) 

 Barley 1.41 (-0.21, 3.03) 2.98 (1.78, 4.19) 1.43 (-0.5, 3.35) 2.65 (1.08, 4.22) 
 Other -1.84 (-4.53, 0.86) 0.01 (-1.57, 1.59) -1.07 (-4.48, 2.35) -1.32 (-3.7, 1.06) 
 Other grain 0.08 (-2.11, 2.28) 2.22 (0.81, 3.63) -0.34 (-3.18, 2.49) 0.88 (-1.16, 2.92) 
 Pasture 0.14 (-2.27, 2.55) 0.31 (-1.26, 1.89) 0.37 (-4.42, 5.15) 0.92 (-1.09, 2.93) 
 Potatoes 0.09 (-2.84, 3.01) -0.98 (-2.85, 0.89) 2.83 (-0.54, 6.2) -0.68 (-3.31, 1.94) 
 Roost distance -1.15 (-1.47, -0.83) -0.86 (-1.06, -0.67) -1.24 (-1.65, -0.84) -0.81 (-1.10, -0.52) 
 Time 1.04 (0.29, 1.78) 0.85 (0.22, 1.47) 1.96 (1.16, 2.75) 0.83 (0.02, 1.65) 
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  Greaters Lessers 

Model Covariate Autumn Spring Autumn Spring 

 Time*barley 0.54 (-0.3, 1.37) 0.27 (-0.44, 0.97) 0.22 (-0.72, 1.15) 0.42 (-0.49, 1.33) 
 Time*other 0.32 (-0.99, 1.63) 0.35 (-0.58, 1.27) -0.34 (-1.93, 1.24) 1.12 (-0.23, 2.47) 
 Time*other grain 0.48 (-0.62, 1.58) -0.23 (-1.07, 0.61) 0.45 (-0.87, 1.78) 0.24 (-0.93, 1.41) 
 Time*pasture -0.47 (-1.73, 0.78) 0.05 (-0.88, 0.98) -1.56 (-3.76, 0.65) -0.23 (-1.42, 0.96) 
 Time*potatoes -1.06 (-2.52, 0.39) 0.85 (-0.18, 1.88) -2.58 (-4.34, -0.82) 0.28 (-1.17, 1.74) 
 Time2 -0.16 (-0.25, -0.06) -0.09 (-0.18, -0.01) -0.25 (-0.35, -0.15) -0.09 (-0.2, 0.02) 

 Time2*barley 0.00 (-0.1, 0.11) -0.04 (-0.14, 0.05) 0.02 (-0.09, 0.13) -0.07 (-0.2, 0.05) 

 Time2*other 0.02 (-0.13, 0.17) -0.06 (-0.18, 0.07) 0.09 (-0.08, 0.27) -0.16 (-0.34, 0.02) 

 Time2*other grain 0.01 (-0.13, 0.14) 0.03 (-0.09, 0.14) 0.01 (-0.14, 0.16) -0.02 (-0.18, 0.13) 

 Time2*pasture 0.08 (-0.07, 0.24) -0.03 (-0.15, 0.1) 0.24 (0, 0.48) 0.01 (-0.15, 0.17) 

 Time2*potatoes 0.19 (0.02, 0.36) -0.09 (-0.22, 0.05) 0.34 (0.14, 0.54) -0.01 (-0.2, 0.18) 

Time2*roost distance + crop 
type 

Intercept (alfalfa) -12.87 (-14.22, -11.52) -9.43 (-10.05, -8.8) -14.39 (-16.2, -
12.58) 

-11.53 (-12.44, -10.62) 

 Barley 3.68 (3.17, 4.19) 3.26 (2.91, 3.62) 2.81 (2.31, 3.31) 3.03 (2.55, 3.5) 
 Other -0.08 (-0.69, 0.52) 0.35 (-0.04, 0.74) -0.6 (-1.26, 0.06) 0.22 (-0.33, 0.77) 
 Other grain 2.16 (1.57, 2.75) 1.83 (1.45, 2.21) 1.74 (1.14, 2.35) 1.46 (0.93, 1.99) 
 Pasture -0.29 (-0.98, 0.4) 0.07 (-0.4, 0.53) -1.11 (-1.98, -0.23) 0.19 (-0.45, 0.84) 
 Potatoes -0.36 (-1.09, 0.37) 0.83 (0.41, 1.25) -0.93 (-1.8, -0.06) 0.3 (-0.31, 0.9) 
 Roost distance -3.22 (-4.66, -1.77) -0.75 (-1.25, -0.25) -3.22 (-5.23, -1.22) -1.07 (-1.81, -0.34) 
 Time 1.71 (1.22, 2.2) 1.05 (0.81, 1.3) 2.31 (1.63, 2.98) 1.29 (0.94, 1.64) 
 Time*roost distance 0.60 (0, 1.19) 0.05 (-0.24, 0.34) 0.51 (-0.3, 1.33) 0.34 (-0.07, 0.75) 
 Time2 -0.16 (-0.21, -0.11) -0.13 (-0.16, -0.1) -0.23 (-0.29, -0.16) -0.16 (-0.21, -0.12) 

 Time2*roost distance -0.03 (-0.09, 0.03) -0.02 (-0.06, 0.02) -0.02 (-0.1, 0.06) -0.06 (-0.12, -0.01) 
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Table S2.2: Coefficient estimates (with 95% confidence intervals [CI])) for the effect of covariates on the number of greater sandhill 
cranes on crop fields in the San Luis Valley, Colorado, 2020-2022. Roost distance is the distance (m) to the nearest potential roost. 
Time represents the survey week during which roadside surveys were conducted.  

Model Covariate Autumn Spring 

Time2 + crop type * roost distance Intercept (alfalfa) 2.61 (1.81, 3.41) 3.53 (2.9, 4.17) 
 Barley 1.32 (0.83, 1.82) 0.55 (0.05, 1.05) 
 Number of lesser sandhill cranes 0.33 (0.2, 0.45) 0.56 (0.39, 0.73) 
 Other 1.29 (0.59, 1.99) 0.41 (-0.21, 1.02) 
 Other grain 0.99 (0.37, 1.60) 0.22 (-0.35, 0.79) 
 Pasture 0.28 (-0.47, 1.04) 0.22 (-0.53, 0.97) 
 Potatoes 1.12 (0.29, 1.95) 0.51 (-0.08, 1.1) 
 Roost distance 0.09 (-0.68, 0.86) -0.44 (-1.06, 0.17) 
 Roost distance*barley 0.23 (-0.56, 1.03) 0.72 (0.09, 1.36) 
 Roost distance*other -0.10 (-0.90, 0.71) 0.85 (0.16, 1.54) 
 Roost distance*other grain -0.35 (-1.22, 0.52) 0.71 (0.03, 1.38) 
 Roost distance*pasture 0.45 (-0.48, 1.38) 0.33 (-0.63, 1.29) 
 Roost distance*potatoes -0.43 (-1.34, 0.47) 0.26 (-0.46, 0.98) 
 Time 0.26 (-0.06, 0.58) 0.47 (0.22, 0.71) 
 Time2 -0.04 (-0.07, 0.00) -0.09 (-0.12, -0.06) 
Time2*crop type + roost distance Intercept (alfalfa) 2.36 (0.48, 4.23) 3.76 (2.35, 5.17) 
 Barley 1.46 (-0.58, 3.50) 0.39 (-1.14, 1.92) 
 Number of lesser sandhill cranes 0.32 (0.19, 0.45) 0.57 (0.40, 0.74) 
 Other 1.19 (-2.74, 5.12) -1.19 (-3.29, 0.91) 
 Other grain -0.09 (-2.67, 2.49) -0.87 (-2.68, 0.94) 
 Pasture 2.59 (-1.41, 6.59) 1.46 (-0.46, 3.38) 
 Potatoes 5.95 (1.88, 10.02) -0.49 (-2.95, 1.98) 
 Roost distance 0.14 (0.00, 0.28) 0.22 (0.09, 0.34) 
 Time 0.48 (-0.56, 1.53) 0.49 (-0.34, 1.32) 
 Time*barley -0.14 (-1.25, 0.98) 0.02 (-0.88, 0.91) 
 Time*other -0.33 (-2.23, 1.57) 1.00 (-0.23, 2.23) 
 Time*other grain 0.33 (-1.00, 1.66) 0.19 (-0.86, 1.25) 
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Model Covariate Autumn Spring 

 Time*pasture -1.55 (-3.58, 0.49) -0.73 (-1.86, 0.41) 
 Time*potatoes -2.54 (-4.55, -0.53) 0.16 (-1.17, 1.49) 
 Time2 -0.07 (-0.21, 0.06) -0.09 (-0.20, 0.02) 
 Time2*barley 0.02 (-0.12, 0.16) -0.01 (-0.13, 0.11) 
 Time2*other 0.07 (-0.15, 0.28) -0.15 (-0.32, 0.02) 
 Time2*other grain -0.02 (-0.18, 0.15) 0.00 (-0.14, 0.14) 
 Time2*pasture 0.20 (-0.03, 0.44) 0.08 (-0.08, 0.24) 
 Time2*potatoes 0.28 (0.05, 0.51) 0.00 (-0.17, 0.17) 
Time2*roost distance + crop type Intercept (alfalfa) 2.39 (1.60, 3.19) 3.86 (3.30, 4.41) 
 Barley 1.33 (0.88, 1.78) 0.23 (-0.18, 0.64) 
 No. lessers 0.33 (0.21, 0.46) 0.56 (0.38, 0.73) 
 Other 1.20 (0.53, 1.86) 0.16 (-0.37, 0.70) 
 Other grain 1.01 (0.42, 1.61) -0.15 (-0.62, 0.32) 
 Pasture 0.22 (-0.52, 0.96) 0.06 (-0.51, 0.62) 
 Potatoes 1.09 (0.30, 1.88) 0.21 (-0.30, 0.72) 
 Roost distance -0.22 (-1.07, 0.63) 0.27 (-0.1, 0.64) 
 Time 0.33 (0.00, 0.67) 0.47 (0.23, 0.72) 
 Time*roost distance 0.03 (-0.35, 0.42) 0.04 (-0.18, 0.27) 
 Time2 -0.04 (-0.08, -0.01) -0.09 (-0.13, -0.06) 
 Time2*roost distance 0.01 (-0.03, 0.05) -0.01 (-0.05, 0.02) 

 

 


