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Abstract
River ecosystems in semi-arid environments provide an array of resources that concentrate
biodiversity, but also attract human settlement and support economic development. In the
southwestern United States, land-use change, drought, and anthropogenic disturbance are
compounding factors which have led to departures from historical conditions of river ecosystems, consequently affecting wildlife habitat, including important wintering areas for migratory birds. The Rio Grande (River) in central New Mexico is the lifeblood of the Middle Rio
Grande Valley (MRGV), maintaining large urban and agricultural centers and riparian and
wetland resources, which disproportionately support a diversity of wildlife. The MRGV has
been identified as the most important wintering area for the Rocky Mountain Population of
greater sandhill cranes (Antigone canadensis tabida). Presently, however, changes in the
hydrogeomorphology of the Rio Grande and landscape modification by humans have
reshaped the MRGV and winter habitat for sandhill cranes. To evaluate these impacts, we
investigated how land-use practices, anthropogenic disturbance, and river morphology influenced patterns of diurnal and roosting habitat selection by sandhill cranes. During the diurnal period, sandhill cranes relied heavily on managed public lands selecting agriculture
crops, such as corn fields, and wetlands for foraging and loafing while avoiding areas with
increasing densities of human structures. Sandhill cranes selected areas for roosting in the
Rio Grande characterized by shallower water interspersed with sandbars, wide channel
width, low bank vegetation, and farther away from disturbances associated with bridges.
Our results establish and identify the central processes driving patterns of diel habitat selection by wintering sandhill cranes. Land use and riverine trends have likely gradually reduced
winter habitat to managed public lands and limited reaches of the Rio Grande, underscoring
the importance of natural resources agencies in supporting migratory birds and challenges
involved when managing for wildlife in highly pressured semi-arid environments.
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Introduction
Human-induced environmental change has increased the vulnerability of ecosystems globally
and created uncertainty in their long-term sustainability and resilience [1–4]. Ecosystems in
arid and semi-arid environments are particularly sensitive to variations in temperature, precipitation and natural resource overexploitation [5–8]. Accelerated land-use change in the arid
southwestern United States coupled with drought, have compromised ecosystems services supporting a diversity of species [9–11]. Largely driven by human activities, landscape fragmentation, increasing water scarcity, soil erosion, and productivity loss have broad-scale impacts on
humans and wildlife [12–14]. Moreover, in water limited environments, water may be sourced
from a single drainage basin where urban, industrial, and agricultural demands place tremendous pressure on already over-burdened systems often jeopardizing resources wildlife require.
The Middle Rio Grande Valley (hereafter MRGV) is a semi-arid region in central New
Mexico, USA transected by the Rio Grande (River). Since before European settlement, humans
have gravitated to the MRGV to capitalize on water resources of the Rio Grande and fertile
soils of its floodplain. Currently, the MRGV maintains large urban and agricultural centers
and supports high biodiversity, including multiple threatened and endangered species. Unfortunately, the MRGV is a basin facing increased imperilment by way of human population
growth compounded by impacts of climatic fluctuations. Long-term perturbations facilitated
by changes in land use, high demands placed on limited water resources, introduction of invasive species, and human-modification of the natural hydrological regime has made it harder to
simultaneously fulfill the needs of humans and wildlife [5, 15]. These environmental stressors
have substantially changed both physiognomy and function of the MRGV and raised concern
for the persistence of some fish and wildlife species [16–19].
Many wildlife species rely on wetland and riparian habitats along rivers in semi-arid environments and some are dependent on associated agricultural resources situated along river
floodplains. Migratory birds, in particular, are reliant on the Rio Grande corridor to meet
energetically demanding life-cycle events in an otherwise xeric and unproductive landscape
[16, 20–23]. From October to February, the MRGV supports hundreds of thousands of overwintering waterbirds. Quality and availability of wintering habitat is an important driver of
migratory bird populations and has been linked to timing of, and body condition during,
spring migration which can subsequently effect reproductive success [24, 25]. Furthermore,
many species of migratory birds have high fidelity to wintering grounds, consistently reusing
the same general areas annually thus relying on permanency of habitat [26–28]. Consequently,
any dramatic changes in habitat can have repercussions on population dynamics and possible
cross-seasonal or carry-over effects that can influence demographics [29–31].
The MRGV is identified as the single most important overwinter area for the Rocky Mountain Population of greater sandhill cranes (Antigone canadensis tabida; hereafter sandhill
cranes) [32, 33]. The geographic range of this population (~22,000 birds) spans the intermountain west, USA, with 80% of birds wintering in the MRGV [32, 34]. Despite population reliance
on the MRGV, winter habitat requirements for sandhill cranes have yet to be quantitatively
assessed [33]. Winter habitat for sandhill cranes can be characterized by riparian areas, and
wetlands, such as moist-soil managed wetlands, proximal to irrigated agriculture and pastures
[35]. The food resource base consists primarily of cultivated grains, such as corn, plant-based
foods in wetlands, and a range of small vertebrates and macroinvertebrates [36, 37]. Shifts in
agricultural patterns and landscape change, however, may be in conflict with the habitat needs
of wintering sandhill cranes in the MRGV.
Drought, flood control, water diversion or damming, and human water consumption have
drastically altered the natural hydrology of the Rio Grande [15], influencing habitat availability
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for sandhill cranes. Transition away from grain-based crops, an important dietary component
for wintering sandhill cranes [38], have likely influenced the availability and quality of food
resources [39, 40]. Several national wildlife refuges and state managed properties that have
grown into important public lands serve a dual purpose within the MRGV; they support
migratory birds throughout winter and mitigate human-wildlife conflicts by reducing crop
depredation by sandhill cranes on private lands. The use of these properties by wintering sandhill cranes has been documented [33, 35, 37], but it is unclear how broader changes in water
availability, urban encroachment, and private lands agriculture are influencing resource and
sandhill crane distributions.
Establishing patterns of habitat selection for any species requires knowledge of distribution
of, and variation in, resource availability to identify important habitat-related features and
potential limiting factors. Measuring the effects that resource availability has on the behavior
of sandhill cranes can lead to better understanding of how landscape change may influence
population-level processes [41]. Furthermore, sandhill cranes can serve as an umbrella species,
such that other species in the ecological community (e.g., waterfowl) benefit from associated
conservation. By understanding how sandhill cranes respond to anthropogenic disturbance
and natural processes that effect winter habitat, greater insight can be gained and leveraged to
provide support for prioritizing wildlife management and conservation efforts in the MRGV.
It was our objective to examine space use patterns of sandhill cranes in the MRGV to determine how current landscape structure and composition are impacting winter habitat selection.
Specifically we were interested in: 1) establishing current land use practices, land ownership,
and level of human disturbance; 2) relating these to movement patterns of sandhill cranes to
determine factors that influence selection of foraging and loafing habitat; 3) delineating river
morphology and vertical vegetation structure of the riverbanks of the Rio Grande and establishing the connection of these to roost sites used by sandhill cranes; and 4) using predictive
models to determine landscape features that define winter habitat for sandhill cranes and identify areas with high habitat value in the MRGV. Our results will provide a focused evaluation
of how sandhill cranes are responding to current disturbances and a template for conditions
on the wintering grounds that need to be maintained or enhanced to satisfy winter habitat
requirements.

Materials and methods
Study area
Our study area was located in the MRGV of central New Mexico, USA delimited by the Rio
Grande floodplain north of Albuquerque, NM, south to Bosque del Apache National Wildlife
Refuge (~200 km; Fig 1). Mean elevation was 1470 m. During winters of 2014–2017, mean temperature was 8˚C (range = 7–10˚C), and mean precipitation was 19 mm (range = 17–21 mm).
Overall conditions were warmer and marginally wetter than long-term trends (GHCN Station
ID: USC00291138 and USC00298387, [42]). The Rio Grande riparian corridor is characterized
by Rio Grande cottonwood (Populus deltoides wislizeni) galleries along with dominant vegetation assemblages including native (coyote willow [Salix exigua], Goodding’s willow [Salix gooddingii], New Mexico privet [Forestiera neomexicana]), and nonnative species (salt cedar
[Tamarisk chinensis], Russian olive [Elaeagnus angustifolia]). The remaining floodplain is a
matrix of suburban and urban areas with irrigated agricultural lands [43, 44] consisting primarily of alfalfa (Medicago sativa), pastures and grass hay, and some small grain crops (Fig 2). Large
numbers of greater sandhill cranes from the Rocky Mountain Population and lesser sandhill
cranes (Antigone canadensis canadensis) from the Mid Continent Population (collectively ~
20000 wintering birds), and other migratory birds winter in the MRGV (e.g., light geese [lesser
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Fig 1. Range of Rocky Mountain Population of greater sandhill cranes, and study area, the Middle Rio Grande Valley of central New Mexico. Green polygons in
Middle Rio Grande Valley inset are state (Ladd S. Gordon Waterfowl Complex) and federal (Bosque del Apache and Valle de Oro National Wildlife Refuges) properties on
public lands managed to support sandhill cranes during winter.
https://doi.org/10.1371/journal.pone.0206222.g001

snow geese (Chen caerulescens) and Ross’s geese (Chen rossii)] and waterfowl). Sandhill cranes
are a designated game bird and hunted in the MRGV, however, hunting pressure is very low
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Fig 2. Land-use classification in the Middle Rio Grande Valley of central New Mexico throughout the study period. Alfalfa/hay was the most dominate land-use type
on the wintering grounds accounting for over 88% of land-use types classified.
https://doi.org/10.1371/journal.pone.0206222.g002

with hunts restricted to only 12 days during winter, with only a limited number of hunting tags
issued for sandhill cranes (draw-based system), a restrictive bag limit (3 sandhill cranes per
day), and hunting only permitted on private lands. In addition to the federal property Bosque
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del Apache National Wildlife Refuge, the Ladd S. Gordon Waterfowl Complex consists of several properties managed by New Mexico Department of Game and Fish (Fig 1) which support
migratory birds during winter. These public lands manage wetlands for the benefit of wildlife
and administer an agricultural food subsidy program to provide food resources for sandhill
cranes and reduce crop depredation on private lands. Specifically, corn (Zea mays) is planted
during spring to early summer and once mature, standing corn is mechanically manipulated
creating a primary food resource for sandhill cranes throughout winter. Publicly managed properties provided the majority of grain crops available to sandhill cranes.

Capture and satellite transmitter deployment
We used rocket nets to capture sandhill cranes [45, 46] at Bosque del Apache National Wildlife
Refuge and Ladd S. Gordon Waterfowl Complex. Once captured, we used plumage characteristics and morphometric measurements to determine age and identify the three subspecies of
sandhill cranes (lesser [Antigone canadensis canadensis], greater, and Canadian [Antigone
canadensis rowani]) that winter in the MRGV [47]. For all captured sandhill cranes, we attached a lock-on size nine U.S. Geological Survey (USGS) aluminum band on the left tibia.
Additionally, we fitted a subset of captured adult greater sandhill cranes with satellite transmitters (PTT-100 22 g Solar Argos/GPS PTT Microwave Telemetry Inc.). We used a modified leg
band with auxiliary markers to attach transmitters to the right tibia of sandhill cranes [48] with
both transmitter and USGS aluminum band placed above the tibio-tarsus. Satellite transmitters collected seven GPS fixes daily following these time intervals: 07:00, 08:00, 10:00, 14:00,
16:00, 18:00, and 24:00. Manufacturer reported locational accuracy of satellite transmitters
was ± 18 m. We captured and banded a total of 402 sandhill cranes from November to January
in 2014–2017 on state and federal properties. We affixed satellite transmitters to 38 adult sandhill cranes captured. From these satellite-tagged sandhill cranes, we acquired 15440 GPS locations. Mean number of GPS locations per sandhill crane was 406 ± 38 (mean ± SE).

Ethics statement
We acquired all appropriate banding permits from the USGS Bird Banding Laboratory to band
and attach transmitters to sandhill cranes (Permit # 23660), and also the necessary U.S. Fish and
Wildlife Service and New Mexico Department of Game and Fish permits to capture and study
sandhill cranes on Bosque del Apache National Wildlife Refuge and the Ladd S Gordon Waterfowl Complex. Our research protocols were approved by New Mexico State University Institutional of Animal Care and Use Committee (IACUC) and implemented in accordance with
institutional guidelines (IACUC # 2014–018).

GPS locations and defining diurnal and roosting periods
For our study, we were interested in examining spatiotemporal patterns of habitat selection by
sandhill cranes during diurnal and roosting periods. The diurnal period is associated with foraging, loafing, and other activities that coincide with daytime and are linked to landscape features
used to fulfill these activities such as agricultural fields and wetlands [36]. For the roosting
period, we were specifically interested in assessing the function of the Rio Grande as roosting
habitat for sandhill cranes. To partition GPS locations into diurnal and roosting periods, we
used time intervals that coincided with observed times when most sandhill cranes leave roost
sites and begin diurnal activities to when they return to roost sites in the evening. These time
periods corresponded to sunrise and sunset. For the diurnal period, we included any GPS fixes
that were � 7:00 and < 18:00. For the roosting period, we considered GPS fixes within Rio
Grande channel that were � 18:00 and � 7:00. GPS fixes at 7:00 that occurred within the Rio
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Grande channel were included for the roosting period because these locations were considered
representative of individuals that had yet to leave their roost to depart for foraging areas. For
both periods, we only considered GPS fixes where altitude data recorded by transmitters did
not indicate a sandhill crane was flying. Manufacturer reported altitudinal accuracy of satellite
transmitters was ± 22 m. On infrequent occasions, the altitude value was spurious or was not
recorded. In these instances, we inspected the location by overlaying the location on high resolution aerial imagery to determine if the sandhill crane was likely flying at the time of the location fix. The overarching objective for each period was to identify important habitat-related
features linked to used locations (i.e., GPS locations) and compare these to the suite of conditions available to sandhill cranes.

Study design for habitat selection analysis
To determine habitat availability, we calculated mean maximum movement distances between
successive GPS locations across all sandhill cranes and considered areas within a radius of the
mean maximum movement distance from each used location as available habitat. We did not
estimate nor determine habitat availability within home ranges (i.e., third order selection [49])
because we were interested in investigating patterns of habitat selection related to each relocation and elucidating factors influencing selection at this more localized and finer scale (i.e.,
fourth order selection) during diurnal and nocturnal periods, while incorporating spatial heterogeneity of landscape features that might be lost at coarser scales [50]. We did not consider
movement distances that were � 10,000 m as these were characteristic of sandhill cranes arriving to, or departing from, the MRGV on fall (November-December) and spring migration
(February-March). Following removal of these longer-range movement distances, we identified the maximum movement distance for each sandhill crane, then calculated mean maximum movement distance across all sandhill cranes. We selected mean maximum movement
distance because it represented the full movement potential of a sandhill crane once settled on
the wintering grounds, excluding migratory movements. Thus, this distance encompassed
areas a sandhill crane could select as habitat and avoided underrepresentation of available habitat. When calculating mean maximum movement distance, we only considered distances
where time between successive locations was > 3 hr because 3 hr was approximately the average time between our GPS fixes within a 24 hr period, and there is an associated increased
uncertainty in movement paths that occurred between locations beyond this time interval.
Moreover, mean maximum movement distance for locations � 3 hr apart was only slight
higher (6.7 ± 0.29 km[mean ± SE]) compared to locations > 3 hr apart (5.8 ± 0.31 km).
Because this difference was marginal, and taking into account the mobility of sandhill cranes,
we felt comfortable using mean maximum distance for locations � 3 hr apart because it would
have little effect on the patterns of habitat selection inferred from the analysis. Accordingly,
habitat availability was considered an area within a radius of 6.7 km from each used location.
For each used location, we randomly generated a sample of 50 available locations within this
area. Our reasoning for pairing each used location with 50 available locations was twofold.
First, simulations have shown that a 1:20 ratio or greater of used to available locations at the
higher order scales of habitat selection provides consistent and unbiased parameter estimates
in habitat selection analyses [51]. Second, because our radii around each used location were
large, we increased the ratio of used to available locations to provide an adequate representation of the variability of conditions within the area available and to permit detection of rarer
habitat characteristics [52]. For each used location within the diurnal period, availability was
defined as any agricultural field, pasture, or wetland within the 6.7 km radius. Availability for
each used roosting location was restricted to any areas within the channel of the Rio Grande.
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Landscape characteristics used for diurnal period analysis
Land use practices are likely the most important human-mediated processes influencing diurnal
habitat selection by sandhill cranes [53–56]. Therefore, we sought to understand how current
composition and extent of cropping patterns were impacting the distribution and availability of
winter habitat. Because an explicit depiction of agricultural patterns was unavailable for the
MRGV, we implemented a remote sensing approach to model crop distributions. We first used
high resolution (1 m) multispectral aerial imagery acquired in 2014 to digitize agricultural fields,
both active (currently farmed) and inactive (fallow or abandoned). Field boundary identification was inclusive of all private and publicly owned lands. We applied the field boundary outputs as a non-uniform sampling grid to support a supervised maximum likelihood model used
to predict type and distribution of crops. We used ERDAS Imagine 2013 (Hexagon Geospatial,
Norcross, Georgia) to implement the model following methods outlined in [57]. We randomly
selected 860 out of 12182 digitized fields and physically surveyed and collected associated crop
data in early September 2014. We followed procedures outlined in [58] to determine sampling
intensity assuming maximum potential abundance (P = 0.5, CI = 95%) of individual crop types
surveyed. We randomly selected and withheld 20% of field training data for accuracy assessment. For model training and image classification, we used Landsat 8 Operational Land Imager
satellite imagery acquired September 5, 2014 to coincide with timing of field data collection.
We used the model to identify and assign crop values (e.g., corn, alfalfa, sunflower, etc.) to
un-surveyed crop fields to produce a spatially continuous and exhaustive estimate of agricultural cropping patterns within the study area. Final classification results were aggregated into
five crop classes: alfalfa/hay, corn, fallow, small grains (winter wheat, milo, millet, triticale, and
barley), and other to match habitat characteristics for sandhill cranes. The “other” category contained rare crop types that were infrequently detected during sampling (n < 9) and were seldom
used by sandhill cranes (chili peppers, vineyard grapes, spinach, squash, sunflowers), or were
sites identified as abandoned agricultural fields. Overall classification accuracy was 90.9%.
Our modeling results identified a high proportional abundance (88%) of perennial crops
(i.e., alfalfa and hay pasture) such that their spatially static nature of occurrence discarded the
need to reproduce annual crop distribution estimates. To supplement this assumption, we surveyed the study area each season to identify changes in more dynamic annual crop fields
known to be food resources valued by wintering sandhill cranes (i.e., corn [38]). The surveys
involved visiting general areas where grain crops were suspected (e.g., dairies), or known
(received information from public land managers), to be grown on private lands to confirm
their presence, and examining clustering of diurnal GPS locations of sandhill cranes tagged
with satellite transmitters to identify and visit agricultural areas that were frequently used and
determine crop types of these areas. This procedure ensured documentation of minor landscape changes important in structuring sandhill crane distributions while streamlining the
overall analytical demands of the study.
We inventoried land-use types separately for state and federally owned properties managed
for wintering sandhill cranes to document spatial distribution of important resources on public lands. Inventories were completed through field visits. Resources identified included agricultural crops as well as wetlands (e.g., managed moist soil impoundments, ephemeral
saltgrass meadows). We assigned land ownership with data provided by the U.S. Bureau of
Land Management [59]. We used these data to examine habitat selection patterns within ownership and to determine the importance of public and private lands associated with wintering
habitat needs of sandhill cranes. We used the spatial distribution and density of human structures (e.g., buildings, domiciles, barns, storage facilities, etc.) as a proxy for anthropogenic disturbance [60]. We digitized all human structures within the study area, then measured
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distance to nearest human structure for each used and available sandhill crane location. We
considered effects of human structure density estimates at three different scales. Around each
used and available location, we counted the number of human structures within a radius of
100 m, 500 m, and 1000 m to determine at which scale structure density influenced habitat
selection. See below for details on the statistical analysis for habitat selection.

Landscape characteristics used for roosting period analysis
Previous studies have identified several important geomorphic characteristics of riverine environments that sandhill cranes use for roost sites [61–63].We incorporated these spatiotemporal
metrics to describe the Rio Grande within the study area. We first estimated channel width. We
used high resolution (1 m) multispectral aerial imagery acquired in 2016 to digitize the active
channel and channel centerline. We then used digital transects set perpendicular to the river
centerline to calculate width of the active channel at ~30 m intervals. The results provided a
continuous estimate of active channel width representative of temporal conditions coincident
with location data of sandhill cranes. We next estimated surface water extent within the active
channel at bi-monthly intervals throughout the winter (October-November, December-January, and February-March) to account for spatiotemporal shifts in roost site availability. We
derived estimates by averaging all available Landsat 8 satellite images occurring within each bimonthly period and applying a constrained spectral mixture analysis (SMA) [64] to classify
areas of water, sandbars, and riparian vegetation (e.g., vegetated islands, vegetated peninsulas,
emergent vegetation). All Landsat satellite images were calibrated for atmospheric effects and
illumination/viewing geometry [65]. We used the Landsat CFMask band to filter and remove
Landsat pixels containing surface anomalies that were negatively influencing model outputs
(i.e., cloud, cloud shadow, and snow) [66]. Use of SMA allowed a proportional estimation of
each class (i.e., water, sandbars, and vegetation) contained within a 30 m Landsat pixel. This
allowed proportional estimations of land-cover features at the sub-pixel level and provided a
more detailed estimate of water, sandbar, and vegetation distributions while using the moderate
spatial resolution Landsat 8 imagery. Spectral endmember statistics needed to train SMA models were extracted directly from associated Landsat data. We derived riparian vegetation and
sandbar endmember statistics from static polygons representing known monotypic examples of
these land-cover types. We used an image mask generated from 98th percentile normalized difference water index values (NDWI) [67] to extract spectral endmembers for water. We calculated a NDWI mask for each bi-monthly period. Mask extents were coincident to large deep
water reservoirs proximal to the study area. We considered proportional estimations of landcover classes within individual pixels derived from SMA to infer geomorphic characteristics of
the active channel within each bi-monthly period. For example, if the proportion of water in a
pixel was 0.9, that area of the Rio Grande was completely water, and depending on channel
width, likely deeper water as little sandbar signature was present. If, for example, the water proportion of a pixel was 0.4 and sandbar proportion was 0.6, that pixel was characterized by emergent sandbars with shallow water present. All bi-monthly models were spatially representative
of proportion water, sandbars, and riparian vegetation occurring within a 30 m grid coinciding
with each used and available location during the roosting period. We repeated all procedures
for each year of the study (2014–2017) and used Google Earth Engine, a cloud-based geospatial
processing platform, to derive the image classification procedures [68].
Riverbank vegetation height has been identified as an important characteristic of riverine
environments influencing roost site selection by sandhilll cranes [63]. We incorporated this
variable into our modeling framework by using available Light Detection and Ranging
(LIDAR) data to estimate riparian vegetation height. LIDAR data was collected by fixed-wing
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aircraft in 2012. We processed LIDAR point-cloud and filtered first-return results to create a
gridded 10 m surface representing vegetation top of canopy elevations. We then subtracted the
top of the canopy surface from a 10 m bare earth digital elevation model to estimate riparian
vegetation canopy height. Height estimates were constrained to 10 m grid cells occurring
within 50 m of the Rio Grande’s active channel to allow comparisons to, and remain consistent
with, methods outlined by [63] where roost site selection of sandhill cranes was studied along
the Platte River in Nebraska, USA. We estimated mean vegetation height on channel banks
within 100 m, 500 m, and 1000 m stretches of the river surrounding each used and available
location during the roosting period to examine influence of this metric across multiple scales.
We considered impacts of human disturbance during the roosting period and used known factors (e.g., distance to bridge and human structure) that influence roost site selection [61, 63,
69]. Distance measurements were made between used and available roosting locations and the
nearest human structure and bridge. Density of human structures within a 1000 m radius of
used and available locations were also considered as an influence on roost site selection. We
chose a 1000 m radius because at any smaller scale, very few human structures were present
due to the large riparian areas flanking each side of the Rio Grande. All geospatial analyses
other than those performed in Google Earth Engine and ERDAS Imagine were done in ArcGIS
10.5.1 (ESRI, Redlands, California, USA).

Statistical analysis
To evaluated habitat selection and compare characteristics between used and available locations, we used multimodel inference from conditional logistic regression with generalized estimating equations, which is a preferred approach for case-control designs with longitudinal
data [70]. This approach accounts for misspecification of correlation structures and generates
robust standard errors by using independent clusters to account for non-independence among
observations, where observations within one cluster are considered statistically independent of
another cluster [70, 71]. To fit models, we used the R package survival [72]. Simulations have
shown that � 20 clusters are required to avoid biased parameter estimation, and that assignment of one individual to a cluster results in higher precision in estimates when � 30 individual animals are in the sample [70]. Since we tagged and monitored over 30 individual sandhill
cranes through the study, we assigned each individual to its own cluster.
We developed a candidate set of models that we hypothesized would likely influence patterns
of diurnal and roosting habitat selection by sandhill cranes (specification, justification, and
model selection results for candidate set of models detailed in S1 Appendix). We used variance
inflation factors (VIF) to assess multicollinearity among covariates in all models. If the VIF
was � 5 for any covariate in a model, the covariate was not included in the model [73,74]. To
compare models, we used Quasi-likelihood under Independence Criterion (QIC) [75]. Similar
to other information criterion, QIC is aimed at striking a balance between model complexity
and explanatory power, and it was most appropriate for our applications because QIC is deigned to evaluate models where the full likelihood is not defined and accounts for within-individual autocorrelation [75]. We did not model average because our model sets were not
orthogonal, we included interaction terms which changes the interpretation of main effects, and
model-averaged estimates can be unreliable when correlations exist among covariates [76].
We used k-fold cross validation under case-control study designs to evaluate predictive
accuracy of the most supported and parsimonious model [77–79]. We followed the methods
outlined in [78]. We partitioned the dataset, while keeping strata intact, and randomly selected
80% of strata for training the model and the other withheld 20% for validation. For each stratum, the predicted value for a used location was ranked against the available locations, then
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rankings were tallied into bins with number of bins equal to the number of records in each
strata. Then we used Spearman rank correlations ð�r s Þ to compare bin ranking and the frequencies of predicted values of used locations within each bin. We repeated this process 1000 times,
then calculated �r s across all iterations. Models that had strong predictive performance have �r s
values closer to 1. We used the R package hab [80] to perform the cross validation. We used
the most supported and parsimonious model (highest QIC value) from each candidate model
set to draw inference and predict relative probability of use throughout the study area to delineate distribution of diurnal habitat and roosting habitat (we provide an example of a bimonthly
interval for one of the study years) for sandhill cranes during winter and identify areas of
importance. All statistical analyses were done in Program R [81].

Behavioral observations
Although GPS fixes and habitat selection analysis provide insight into sandhill crane behavior,
such location-based proxies do not guarantee detection of nuanced behaviors that are associated with what may be important habitat characteristics. To expand our understanding of
behavior of sandhill cranes, we observed diurnal behavior of sandhill cranes on state and federal properties during winter. We used focal sampling at discrete intervals [82] to observe diurnal behaviors of individual sandhill cranes from sunrise to sunset. For each sampling occasion,
an observer was assigned a set of land-use types on federal and state properties each corresponding to a time of day (07:00–18:00) and observed behavior of individual sandhill cranes in
the assigned land-use type at the assigned time of day. We identified alfalfa fields, corn fields,
fallow fields, moist-soil managed wetlands as available land-use types because they were the
most dominant on the state and federal properties and used by sandhill cranes throughout the
diurnal period. Upon arrival to the assigned land-use type, the observer would locate a group
of sandhill cranes with a spotting scope (Vortex 20-60x80 mm), look away and randomly
move the spotting scope horizontally and vertically, reacquire the group of sandhill cranes and
select the sandhill crane nearest to or at the center of the field of view of the objective lens.
Once a sandhill crane was selected, the observer recorded the behavior of the sandhill crane
every 10 sec within a 30 min interval. Observations were made at distance as to not disturb or
influence behavior (generally � 200 m). Categories of associated behaviors were: comfort, foraging, locomotion, resting, and social. If the observer lost sight of the sandhill crane for more
than five minutes at any point during the 30 min observation period, or if the sandhill crane
permanently flew out of view, the observer would randomly select a new individual to observe
and reinitiate the protocol. Behavioral data from partial observations that did not span the full
30 min period were included in the analysis. We did not observe sandhill crane behavior during the roosting period because previous studies have shown that sandhill cranes only engage
in resting behavior while roosting [83]. We used behavioral observations to gain further
insight into models that best predicted diurnal habitat selection by sandhill cranes and determine how spatial and temporal variability in specific behaviors might be important when considering habitat needs of the population. We observed behaviors of 678 sandhill cranes from
November to February in 2014–2017. Estimated number of observations per sandhill crane
was 142 ± 58 (Mean ± SD).

Results
Diurnal habitat selection
The predominant land-use type classified throughout the study period was alfalfa/hay, which
accounted for 88% of all land-use types classified (Fig 2). Model comparison results for diurnal
habitat selection revealed the most supported model in the candidate set, carrying nearly all of
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the QIC weight, contained the additive effects of land-use type, land ownership (public or private) and density of human structures within a 500 m radius (Table A and Table B in S1 Appendix and Table 1). Sandhill cranes had a higher probability of selecting all land-use types on
public lands compared to private lands (Fig 3). Land-use types with high relative probability of
use on public lands included alfalfa fields, corn fields, fallow fields, and small grain fields. On
private lands, corn fields had the highest relative probability of use (Fig 3A). Furthermore, relative probability of use decreased as density of human structures within a 500 m radius increased
(Fig 3B). K-fold cross validation of our most supported model predicting diurnal habitat selection by sandhill cranes indicated high predictive power with a �r s of 0.86 (range = 0.74–0.92).

Roosting habitat selection
During the roosting period, the two most supported models describing roosting habitat selection by sandhill cranes included a three-way interaction between channel width, proportion of
water, and proportion of sandbars, and an interaction between channel width and mean bank
vegetation height within a 500 m stretch of the Rio Grande (Table C and Table D in S1 Appendix). Of these two, the model carrying the highest model weight (82%) included the additional
effect of distance to bridge (Table C and Table D in S1 Appendix and Table 2). We decided to
use this model (Table 2) to make inference for roosting habitat selection by sandhill cranes
during winter because it was well supported, had the highest explanatory power, and included
an important covariate that was a proxy for anthropogenic disturbance. Furthermore, k-fold
cross validation demonstrated this model had high predictive accuracy (�r s = 0.94, range 0.88–
0.97). The three-way interaction between channel width, proportion of water, and proportion
of sandbars increased the relative probability of selecting areas within the Rio Grande as the
channel widened and contained a higher mixture of water and sandbars, indicative of a more
braided channel system morphology (Fig 4). Additionally, the interaction between channel
width and mean bank vegetation height influenced roosting habitat selection. A narrower
channel width, which is more incised and has reduced lateral flows, supports more woody vegetation [15] and in turn can have higher mean bank vegetation heights which decreased relative probability of use (Fig 5). Relative probability of using a location within the Rio Grande
for roosting also increased as distance from bridges increased (Fig 6).
Table 1. Parameter estimates and robust standard errors of most supported model describing diurnal habitat
selection by sandhill cranes on their primary wintering area, the Middle Rio Grande Valley of central New
Mexico.
Parameter

Estimate

SE

P
< 0.001

land-use typea
corn

0.773

0.070

fallow

-0.240

0.157

0.126

small grain

-0.478

0.130

< 0.001

wetland

-2.230

0.158

< 0.001

other

-2.342

0.197

< 0.001

land ownershipb

3.373

0.165

< 0.001

structure density_500m c

-0.377

0.102

< 0.001

a

land-use type included alfalfa fields, corn fields, fallow fields, small grain fields, wetlands, and an other category (see

text for description). The reference category was alfalfa fields.
b
c

land ownership = Public or private land ownership. Reference category was private land ownership.
structure density_500m = density of human structures within a 500 m distance from used and available locations.

https://doi.org/10.1371/journal.pone.0206222.t001
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Fig 3. Patterns of diurnal habitat selection by sandhill cranes in the Middle Rio Grande Valley of New Mexico. Diurnal habitat selection by sandhill cranes during
winter was best described by relative probability ± 95% confidence interval of using (A) different land-use types on public and private properties and (B) relative
probability of use ± 95% confidence interval in relation to density of human structures within a distance of 500 m.
https://doi.org/10.1371/journal.pone.0206222.g003
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Table 2. Parameter estimates and robust standard errors of most supported model describing roosting habitat
selection by sandhill cranes in the Rio Grande on their primary wintering area, the Middle Rio Grande Valley of
central New Mexico.
Parameter

Estimate

SE

P

0.060

0.059

0.312

channel width
sandbar

0.207

0.095

0.029

water

1.404

0.044

< 0.001

bank veg height

-0.314

0.116

0.007

distancebridge

0.454

0.201

0.024

channel width × sandbar

0.016

0.045

0.726

channel width × water

0.248

0.041

< 0.001

sandbar × water

0.114

0.077

0.140

channel width× bank veg height

-0.117

0.061

0.054

channel width × sandbar × water

0.133

0.054

0.013

channel width = width of Rio Grande channel
water = proportion of water within 30 m pixel of channel
sandbar = proportion of sandbars within 30 m pixel of channel
bank veg height = mean height of channel bank vegetation within a 500 m distance surrounding used/available
locations
distancebridge = proximity to nearest bridge
https://doi.org/10.1371/journal.pone.0206222.t002

Behavior observations
Sandhill cranes predominately engaged in foraging and resting throughout winter (Fig 7). Overall, behaviors did not vary considerably by land-use type (Fig 7A), however, sandhill cranes
spent the highest proportion of time foraging in alfalfa fields, corn fields, and wetlands, and the
highest proportion of time resting in fallow fields. Foraging was the dominant activity during
the day and appeared to be slightly bimodal, with sandhill cranes reducing foraging and increasing time spent resting at sunrise (7:00), midday (12:00), and sunset (17:00) (Fig 7B). Across the
months that spanned winter, from arrival to wintering grounds in November during fall migration, and up to departure on spring migration in February, time spent foraging by sandhill
cranes increased, suggesting energetic preparation for spring migration (Fig 7C).

Discussion
Diurnal habitat selection
During the diurnal period, sandhill cranes demonstrated avoidance of areas with high density of
human structures (Fig 3B). As the human footprint increases in areas on the wintering grounds,
sandhill cranes will likely avert use of these areas for foraging and loafing because impacts of
increased levels of disturbance outweigh potential resource benefits these areas may offer; an
avoidance response that has been shown in other populations [54, 84, 85]. Land ownership was
equal if not a more important factor influencing sandhill cranes, that showed strong selection
towards public versus private lands (Fig 3A). Federal and state properties that are managed for
sandhill cranes throughout winter, compose a small fraction of the MRGV (~ 0.07% of land area),
yet accommodate most of the wintering sandhill cranes. During the diurnal period, for example,
75% of locations of sandhill cranes tagged with satellite transmitters occurred on these managed
public lands. The agricultural food subsidy program, and wetland management that emulates historical wetland conditions on public lands, effectively provide sandhill cranes with important foraging and loafing habitat during winter. Although land-use types such as corn fields on private
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Fig 4. The interplay among morphological characteristics of the Rio Grande considerably influenced relative probability of roost site selection by sandhill cranes
during winter in the Middle Rio Grande Valley of central New Mexico. Relative probability of using areas within the Rio Grande for roosting increased as proportion of
water and sandbars increased with increasing channel width as exemplified by (A) 50 m width, (B) 100 m width, (C) 150 m width, and (D) 200 m width.
https://doi.org/10.1371/journal.pone.0206222.g004

lands were moderately important, harvest practices (i.e., silaging prior to sandhill crane arrival)
likely reduce grain availability to sandhill cranes resulting in lower relative probability of use. Current agriculture practices on private lands in the MRGV, now dominated by alfalfa and pasture
(Fig 2) valued for their high economic yield and demand for livestock forage, further underscore
the critical role of managed public lands in sustaining wintering populations.
Closer examination during the diurnal period suggested that behavior of sandhill cranes on
public land was fairly consistent across land-use type (Fig 7A) with foraging and resting
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Fig 5. Roost site selection in the Rio Grande by sandhill cranes wintering in the Middle Rio Grande Valley of central New Mexico was influenced by the interactive
effect of channel width and mean bank vegetation height. In general, relative probability of use increased as channel width widened and mean bank vegetation height
decreased.
https://doi.org/10.1371/journal.pone.0206222.g005

(loafing or sleeping) accounting for the highest proportions of behaviors. All land-use types,
with the exception of reduced foraging rates observed in fallow fields, supported both of these
behaviors suggesting sandhill cranes used land-use types on managed properties similarly during the diurnal period. Resources within each of these land-use types, however, likely fulfill different dietary requirements. Corn, for example, contributes proportionally the most to
sandhill crane diets [38] and provides a highly metabolizable carbohydrate [86] used to maintain and store energy reserves [54]. Managed moist-soil wetlands are flooded seasonally and
also contain nutritionally valuable plant-based resources (e.g., alkali bulrush [Bolboschoenus
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Fig 6. In the Middle Rio Grande Valley of central New Mexico, predicted relative probability of a sandhill crane roosting in the Rio Grande during winter decreased
as proximity to bridges increased. Shaded region is 95% confidence interval.
https://doi.org/10.1371/journal.pone.0206222.g006

maritimus], yellow nutsedge [Cyperus esculentus], [37, 38]), as well as provide a source of protein via invertebrate communities [87]. Together these land-use types supply sandhill cranes
with forage resources and areas with minimal disturbance to carry out diurnal activities while
conserving energy. Foraging peaked in mid-to-late morning and mid-to-late afternoon with
proportion of time spent resting highest in early morning, midday, and evening (Fig 7B); a foraging cycle resembling other studies investigating Gruid spp. behavior [88, 89]. The proportion of time spent foraging increased throughout winter, leading up to spring migration in
mid-February (Fig 7C). Ramping up foraging (i.e., hyperphagia) prior to an energetically
expensive event, such as migration, is a common strategy in migratory birds [90, 91], and reiterates the importance of public lands and land managers synchronizing food resources with
timing of highest population needs [38], and providing sandhill cranes with a consistent
resource base until spring departure.

Roosting habitat selection
Historically, the Rio Grande was a highly dynamic river system marked by frequent pulses of
flooding within the floodplain creating a wide and braided river channel interspersed with
sandbars, wetlands, and wet meadows [15, 92], an ideal collection of high quality habitat features for sandhill cranes and many other wildlife. Presently, however, the historic flow regime
of the Rio Grande has been substantially altered, creating narrower and incised channel morphology, and sedimentation loads that have allowed establishment of invasive woody vegetation such as Tamarisk [15, 93]. Much of this change owing to human alteration of the natural
hydrology, a deeper water table, and regional drought [94], has eliminated important riverine
habitat once used by sandhill cranes [92].
Channel width played an important role in selection of roost sites for sandhill cranes, with
relative probability of use increasing at sites with a wider channel and higher occurrence of
both sandbars and water (Fig 4), and in areas with low bank vegetation (Fig 5). Our results suggest that an incised river channel with deeper water and limited lateral flow, characteristics of
many reaches of the Rio Grande, does not provide high quality roosting habitat. Moreover,
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Fig 7. Mean proportion ± SE of time spent engaging in different behaviors by sandhill cranes during winter in the Middle Rio Grande Valley of central New Mexico by
(A) land-use type, (B) time of day, and (C) month of winter.
https://doi.org/10.1371/journal.pone.0206222.g007
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these characteristics promote establishment of woody vegetation because periodic flooding of
the overbanks rarely occurs [44], further decreasing suitability of these areas as roost sites. In
other studies, avoidance of areas with tall bank vegetation by sandhill cranes has been attributed to anti-predator behavior, where perceived predation risk in these areas might be heightened because of obstructions to detect predators [63, 69]. Although we do not have evidence to
support this postulation, our results suggest the general qualities of areas with a narrower
channel in the Rio Grande are avoided by sandhill cranes. Moreover, so are areas near bridges,
which can have a large disturbance effect on roosting sandhill cranes [63, 95]. Finally, we did
not find an effect of distance between areas with high relative probability of use during the
diurnal period and roosting locations, but the energetic importance of this relationship should
not be discounted. Longer flight distances between foraging areas and roost sites can influence
habitat selection and have negative physiological effects for birds [53, 96, 97], hence should be
included as a consideration for management of species where foraging and roosting habitat
are separated in space.
Outside of the Rio Grande, publicly managed wetlands provided alternative roost sites that
may become increasingly important if degradation of riverine habitat increases. Conversely, if
water rights needed to manage public wetlands are jeopardized or drought creates shortages in
allocated water supplies, the ability of natural resource agencies to provide roosting habitat
may be restricted [39]. Reliance of sandhill cranes on public wetlands warrants further evaluation to determine how changes to water use policy may affect resources. Predictions of increasing water scarcity could have considerable influence on distribution and availability of habitat
for sandhill cranes.

Predicting habitat selection on the wintering grounds
Existing land-use practices on private lands and associated disturbances likely limit the extent
and quality of habitat on the wintering grounds. Heavily reliant on natural resource agencies
that manage public lands for wintering migratory birds, and the existing riverine conditions
that support roosting, the MRGV remains a critical wintering area for sandhill cranes but not
without risk. Predicted relative probability of use throughout the MRGV accentuates the
importance of federal and state properties but also reveals decreased relative probability of
sandhill cranes using private resources, particularly near human developments (Fig 8). More
dynamic, predicted relative probability of roost site occurrence in the Rio Grande is dependent
on fluctuations in water depth and physical characteristics (e.g., vegetation height) which influence the relative probability of where sandhill cranes may roost within the same stretch of
river but at different periods throughout winter (Fig 9). The ability to simulate near real-time
conditions of the Rio Grande as it pertains to roosting enabled us to correctly represent unbiased patterns of roost site selection and control for within-season changes that influenced
availability. Collectively, our results provide a benchmark for a moving target that can help
direct management strategies for wintering sandhill cranes and support their persistence in a
future marked by uncertainty.

Securing winter habitat in the future
Long-term land use and riverine trends in the MRGV have likely increasingly isolated wintering habitat for sandhill cranes on managed public lands. State and federal properties that support sandhill cranes and other migratory birds, however, contribute only a small proportion to
the total land area in their winter range (Fig 1). Although these properties have a proven track
record of success in both the ecological and socioeconomic dimensions (e.g., reducing crop
depredations on private lands), considering a shared public-private lands strategy may be
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Fig 8. Relative probability of use by sandhill cranes during the diurnal period in the Middle Rio Grande Valley of central New Mexico predicted from the most
parsimonious model. The three insets are zoomed in perspectives of several high relative probability of use state and federal properties, (A) Valle de Oro National Wildlife
Refuge, (B) Bernardo Waterfowl Management Area operated by New Mexico Department of Game and Fish, and (C) the northern portion of Bosque del Apache National
Wildlife Refuge.
https://doi.org/10.1371/journal.pone.0206222.g008

necessary to expand and distribute habitat-related resources through volunteer incentivebased programs (e.g., USDA NRCS Farm Bill). Private lands conservation supportive of
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Fig 9. Relative probability of use by sandhill cranes during the roosting period in the Middle Rio Grande Valley of central New Mexico predicted from the most
parsimonious model. The three panels are predictions for the same stretch of the Rio Grande in 2016–2017 for USGS Landsat 8 imagery acquired in (A) October and
November, (B) December and January, and (C) February and March.
https://doi.org/10.1371/journal.pone.0206222.g009

migratory bird needs can provide an atonable solution addressing both agricultural and wildlife sustainability. Alternatively, recreational value of public lands used by migratory birds may
generate leverage that make acquisition of additional properties financially and biologically
justifiable, but may be challenging given the budgetary climate of natural resource agencies.
Growth of public conservation would increase recreational opportunities in the form of hunting and ecotourism (e.g., birdwatching and wildlife photography) that can have a positive economic impact on local economies [98].
Maintenance and improvement of roosting habitat in the Rio Grande will require continued dialogue to address complex water use demands in combination with restorative actions
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to reduce nonnative woody vegetation impacting riparian habitat. Many species can benefit
from such restoration efforts in the Rio Grande [16, 18]. Conflicts over water in arid and semiarid environments are increasingly exacerbated by more frequent drought and warming temperatures [99, 100]. Such drivers of environmental change will undoubtedly influence future
circumstances that must be matched with commensurate shifts in land, river, and wildlife
management practices to meet conservation objectives for wildlife populations and their
habitats.
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Pecl GT, Araújo MB, Bell JD, Blanchard J, Bonebrake TC, Chen IC, et al. Biodiversity redistribution
under climate change: Impacts on ecosystems and human well-being. Science. 2017; 355(6332):
eaai9214.

PLOS ONE | https://doi.org/10.1371/journal.pone.0206222 November 7, 2018

22 / 26

Habitat selection by a wintering waterbird

4.

Steffen W, Richardson K, Rockström J, Cornell SE, Fetzer I, Bennett EM, et al. Planetary boundaries:
Guiding human development on a changing planet. Science. 2015; 347(6223): 1259855. https://doi.
org/10.1126/science.1259855 PMID: 25592418

5.

Copeland SM, Bradford JB, Duniway MC, Schuster RM. Potential impacts of overlapping land-use and
climate in a sensitive dryland: a case study of the Colorado Plateau, USA. Ecosphere. 2017; 8(5):
e01823.

6.

Holmgren M, Stapp P, Dickman CR, Gracia C, Graham S, Gutiérrez JR, et al. Extreme climatic events
shape arid and semiarid ecosystems. Front Ecol Environ. 2006; 4(2): 87–95.

7.

Huang J, Ji M, Xie Y, Wang S, He Y, Ran J. Global semi-arid climate change over last 60 years. Clim
Dynam. 2016; 46(3–4): 1131–1150.

8.

Tietjen B, Schlaepfer DR, Bradford JB, Lauenroth WK, Hall SA, Duniway MC. Climate change-induced
vegetation shifts lead to more ecological droughts despite projected rainfall increases in many global
temperate drylands. Glob Change Biol. 2017; 23(7): 2743–2754.

9.

Garfin GA, Jardine A, Merideth R, Black M, LeRoy S. Assessment of climate change in the southwest
United States: A report prepared for the National Climate Assessment. Washington, DC Island press;
2013.

10.

Pyne MI, Poff NL. Vulnerability of stream community composition and function to projected thermal
warming and hydrologic change across ecoregions in the western United States. Glob Chang Biol.
2017; 23(1): 77–93. https://doi.org/10.1111/gcb.13437 PMID: 27429092

11.

Smith DM, Finch DM. Riparian trees and aridland streams of the southwestern United States: An
assessment of the past, present, and future. J Arid Environ. 2016; 135: 120–131.

12.

Archer SR, Predick KI. Climate change and ecosystems of the southwestern United States. Rangelands. 2008; 30(3): 23–28.

13.

Grimm NB, Groffman P, Staudinger M, Tallis H. Climate change impacts on ecosystems and ecosystem services in the United States: process and prospects for sustained assessment. Clim Change.
2016; 135(1): 97–109.

14.

Noojipady P, Prince SD, Rishmawi K. Reductions in productivity due to land degradation in the drylands of the southwestern United States. Ecosyst Health Sustainability. 2015; 1(8): 1–5.

15.

Petrakis RE, van Leeuwen WJ, Villarreal ML, Tashjian P, Dello Russo R, Scott CA. Historical Analysis
of Riparian Vegetation Change in Response to Shifting Management Objectives on the Middle Rio
Grande. Land. 2017; 6(2): 29.

16.

Friggens MM, Finch DM. Implications of Climate Change for Bird Conservation in the Southwestern
US under Three Alternative Futures. Plos One. 2015; 10(2): e0144089.

17.

Finch DM, Yang W. Landbird migration in riparian habitats of the middle Rio Grande: a case study.
Stud Avian Biol. 2000; 20: 88–98.

18.

Nicolas Medley C, Shirey PD. Review and reinterpretation of Rio Grande silvery minnow reproductive
ecology using egg biology, life history, hydrology, and geomorphology information. Ecohydrology.
2013; 6(3): 491–505.

19.

Wright GD, Frey JK. Habitat selection by the endangered New Mexico meadow jumping mouse on an
irrigated floodplain. J Fish Wildl Manag. 2015; 6(1): 112–129.

20.

Carlisle JD, Skagen SK, Kus BE, Riper CV III, Paxtons KL, Kelly JF. Landbird migration in the American West: recent progress and future research directions. Condor. 2009; 111(2): 211–225.

21.

Darrah AJ, Greeney HF, Van Riper C III. Importance of the 2014 Colorado River Delta pulse flow for
migratory songbirds: Insights from foraging behavior. Ecol Eng. 2017; 106: 784–790.

22.

Merritt DM, Bateman HL. Linking stream flow and groundwater to avian habitat in a desert riparian system. Ecol Appl. 2012; 22(7): 1973–1988. PMID: 23210313

23.

Ruth JM, Diehl RH, Felix RK Jr. Migrating birds’ use of stopover habitat in the Southwestern United
States. Condor. 2012; 114(4): 698–710.

24.

Marra PP, Hobson KA, Holmes RT. Linking winter and summer events in a migratory bird by using stable-carbon isotopes. Science. 1998; 282(5395): 1884–1886. PMID: 9836637

25.

Norris DR, Marra PP. Seasonal interactions, habitat quality, and population dynamics in migratory
birds. Condor. 2007; 109(3): 535–547.

26.

Blackburn E, Cresswell W. High winter site fidelity in a long-distance migrant: implications for wintering
ecology and survival estimates. J Ornithol. 2016; 157(1): 93–108.

27.

Wijk RE, Bauer S, Schaub M. Repeatability of individual migration routes, wintering sites, and timing in
a long-distance migrant bird. Ecol Evol. 2016; 6(24): 8679–8685. https://doi.org/10.1002/ece3.2578
PMID: 28035259

PLOS ONE | https://doi.org/10.1371/journal.pone.0206222 November 7, 2018

23 / 26

Habitat selection by a wintering waterbird

28.

Yamamoto T, Takahashi A, Sato K, Oka N, Yamamoto M, Trathan PN. Individual consistency in migratory behaviour of a pelagic seabird. Behaviour. 2014; 151(5): 683–701.

29.

Inger R, Harrison XA, Ruxton GD, Newton J, Colhoun K, Gudmundsson GA, et al. Carry-over effects
reveal reproductive costs in a long-distance migrant. J Anim Ecol. 2010; 79(5): 974–982. https://doi.
org/10.1111/j.1365-2656.2010.01712.x PMID: 20579179

30.

Robb GN, McDonald RA, Chamberlain DE, Reynolds SJ, Harrison TJ, Bearhop S. Winter feeding of
birds increases productivity in the subsequent breeding season. Biol Lett. 2008; 4(2): 220–223. https://
doi.org/10.1098/rsbl.2007.0622 PMID: 18252663

31.

Sedinger JS, Alisauskas RT. Cross-seasonal effects and the dynamics of waterfowl populations. Wildfowl. 2014; 4: 277–304.

32.

Pacific Flyway Council and Central Flyway Council. Pacific and Central Flyways Management plan for
the RMP of greater sandhill cranes. Pacific Flyway Council and Central Flyway Council, care of the U.
S. Fish and Wildlife Service’s Pacific Flyway Representative, Vancouver, Washington. 2016. Available
from: http://pacificflyway.gov/documents/rmsc_plan.pdf

33.

Drewien RC, Bizeau EG. Status and distribution of greater sandhill cranes in the Rocky Mountains. J
Wildl Manage. 1974; 38(4): 720–742.

34.

Thorpe PP, Donnelly P, Collins DP. September 2016 survey of the RMP of Greater Sandhill Cranes.
Special Report in the files of the Central Flyway Representative. Lakewood, CO. 2016. Available from:
https://ecos.fws.gov/ServCat/DownloadFile/127414?Reference=83494

35.

Drewien RC, Brown WM, Kendall WL. Recruitment in Rocky Mountain greater sandhill cranes and
comparison with other crane populations. J Wildl Manage. 1995; 59(2): 339–356.

36.

Tacha TC, Nesbitt SA, Vohs PA. Sandhill crane. In Tacha TC, Braun CE, editors. Migratory shore and
upland game bird management in North America. The International Association of Fish and Wildlife
Agencies, Washington, D.C., USA; 1994. pp. 77–93.

37.

Taylor JP, Smith LM. Migratory bird use of belowground foods in moist-soil managed wetlands in the
Middle Rio Grande Valley, New Mexico. Wildl Soc Bull. 2005; 33(2): 574–582.

38.

Boggie MA, Carleton SA, Collins DP, Vradenburg J, Sroka CJ. Using Stable Isotopes to Estimate Reliance on Agricultural Food Subsidies and Migration Timing for a Migratory Bird. Ecosphere. 2018; 9(2):
e02083.

39.

Austin JE. Conflicts between sandhill cranes and farmers in the Western United States: evolving
issues and solutions. In: Harris J, editor. Proceedings of the workshop “cranes, agriculture and climate
change”. International Crane Foundation, Baraboo; 2012. pp. 131–139.

40.

Case D, Sanders SJ. Priority information needs for sandhill cranes: a funding strategy. Special report
in the files of the Central Flyway Representative. Denver, CO; 2009. 13pp.

41.

Newton I. Population limitation in birds. San Diego, USA: Academic press; 1998.

42.

National Oceanic and Atmospheric Administration. National Climatic Data Center. 2017. Available
from: www.ncdc.noaa.gov.

43.

Howe WH, Knopf FL. On the imminent decline of Rio Grande cottonwoods in central New Mexico. The
Southwestern Naturalist. 1991; 36(2): 218–24.

44.

Swanson BJ, Meyer GA, Coonrod JE. Historical channel narrowing along the Rio Grande near Albuquerque, New Mexico in response to peak discharge reductions and engineering: magnitude and
uncertainty of change from air photo measurements. Earth Surf Processes Landforms. 2011; 36(7):
885–900.

45.

Urbanek RP, McMillen JL, Bookhout TA. Rocket-netting greater sandhill cranes on their breeding
grounds at Seney National Wildlife Refuge. In: Harris JT, editor. Proceedings of the 1987 International
Crane Workshop; 1991. pp. 241–245.

46.

Wheeler RH, Lewis JC. Trapping techniques for sandhill crane studies in the Platte River Valley. US
Fish and Wildlife Service; 1972.

47.

Schmitt CG, Hale B. Sandhill crane hunts in the Rio Grande Valley and southwest New Mexico. Urbanek RP, Stahlecker DW, editors. Proceedings of the Seventh North American Crane Workshop, 10–
13 Jan 1996, Biloxi, Mississippi, USA; 1997. pp 219–231.

48.

Collins DP, Grisham BA, Conring CM, Knetter JM, Conway WC, Carleton SA, et al. New summer
areas and mixing of two Greater Sandhill Crane populations in the Intermountain West. J Fish Wildl
Manag. 2015; 7(1): 141–152.

49.

Johnson DH. The comparison of usage and availability measurements for evaluating resource preference. Ecology. 1980; 61(1): 65–71.

50.

Boyce MS. Scale for resource selection functions. Divers Distrib. 2006; 12(3): 269–276.

PLOS ONE | https://doi.org/10.1371/journal.pone.0206222 November 7, 2018

24 / 26

Habitat selection by a wintering waterbird

51.

Northrup JM, Hooten MB, Anderson CR, Wittemyer G. Practical guidance on characterizing availability
in resource selection functions under a use–availability design. Ecology. 2013; 94(7): 1456–1463.
PMID: 23951705

52.

Fortin D, Beyer HL, Boyce MS, Smith DW, Duchesne T, Mao JS. Wolves influence elk movements:
behavior shapes a trophic cascade in Yellowstone National Park. Ecology. 2005; 86(5): 1320–1330.

53.

Anteau MJ, Sherfy MH, Bishop AA. Location and agriculture practices influence spring use of harvest
cornfields by cranes and gees in Nebraska. J Wildl Manage. 2011; 75(5): 1004–1011.

54.

Krapu GL, Brandt DA, Kinzel PJ, Pearse AT. Spring migration ecology of the mid-continent sandhill
crane population with an emphasis on use of the Central Platte River Valley, Nebraska. Wildlife
Monogr. 2014; 189:1–41.

55.

Kruse KL, Collins DP, Conring CM, Grisham BA, Conway WC, Knetter JM. Summer Habitat Selection
of the Lower Colorado River Valley Population of Greater Sandhill Cranes. J Fish Wildl Manag. 2017;
8(2): 436–448.

56.

Sherfy MH, Anteau MJ, Bishop AA. Agricultural practices and residual corn during spring crane and
waterfowl migration in Nebraska. J Wildl Manage. 2011; 75(5): 995–1003.

57.

Congalton RG, Balogh M, Bell C, Green K, Milliken JA, Ottman R. Mapping and monitoring agricultural
crops and other land cover in the Lower Colorado River Basin. Photogramm Eng Rem S. 1998; 64:
1107–1113.

58.

Foody GM. Sample size determination for image classification accuracy assessment and comparison.
Int J Remote Sens. 2009; 30(20): 5273–5291.

59.

U.S. Bureau of Land Management. New Mexico surface land ownership. 2012. Available from: http://
www.nm.blm.gov/shapeFiles/state_wide/SURFACE_OWN.zip

60.

Leu M, Hanser SE, Knick ST. The human footprint in the west: a large-scale analysis of anthropogenic
impacts. Ecol Appl. 2008; 18(5): 1119–1139. PMID: 18686576

61.

Kessler AC, Merchant JW, Allen CR, Shultz SD. Impacts of invasive plants on Sandhill Crane (Grus
canadensis) roosting habitat. Invasive Plant Sci Manag. 2011; 4(4): 369–377.

62.

Kinzel PJ, Nelson JM, Heckman AK. Response of sandhill crane (Grus canadensis) riverine roosting
habitat to changes in stage and sandbar morphology. River Res Appl. 2009; 25(2): 135–152.

63.

Pearse AT, Krapu GL, Brandt DA. Sandhill crane roost selection, human disturbance, and forage
resources. J Wildl Manage. 2017; 81(3): 477–486.

64.

Keshava N, Mustard JF. Spectral unmixing. IEEE Signal Process Mag. 2002; 19(1): 44–57.

65.

Masek JG, Vermote EF, Saleous NE, Wolfe R, Hall FG, Huemmrich KF, et al. A Landsat surface
reflectance dataset for North America, 1990–2000. IEEE Geosci Remote S. 2006; 3(1): 68–72.

66.

Foga S, Scaramuzza PL, Guo S, Zhu Z, Dilley RD, Beckmann T, et al. Cloud detection algorithm comparison and validation for operational Landsat data products. Remote Sens Environ. 2017; 194: 379–
390.

67.

McFeeters SK. The use of the Normalized Difference Water Index (NDWI) in the delineation of open
water features. Int J Remote Sens. 1996; 17(7): 1425–1432.

68.

Gorelick N, Hancher M, Dixon M, Ilyushchenko S, Thau D, Moore R. Google Earth Engine: Planetaryscale geospatial analysis for everyone. Remote Sens Environ. 2017; 202: 18–27.

69.

Krapu GL, Facey DE, Fritzell EK, Johnson DH. Habitat use by migrant sandhill cranes in Nebraska. J
Wildl Manage. 1984; 48(2): 407–417.

70.

Prima MC, Duchesne T, Fortin D. Robust Inference from Conditional Logistic Regression Applied to
Movement and Habitat Selection Analysis. Plos One. 2017; 12(1): e0169779. https://doi.org/10.1371/
journal.pone.0169779 PMID: 28081571

71.

Craiu RV, Duchesne T, Fortin D. Inference methods for the conditional logistic regression model with
longitudinal data. Biometrical J.; 2008: 50(1): 97–109.

72.

Therneau T. A Package for Survival Analysis in S. version 2.38. 2015; https://CRAN.R-project.org/
package=survival

73.

Kutner MH, Nachtsheim C, Neter J. Applied linear regression models. New York, USA: McGraw-Hill/
Irwin; 2004.

74.

Montgomery DC, and Peck EA. Introduction to Linear Regression Analysis. New York, USA: John
Wiley & Sons; 1992.

75.

Pan W. Akaike’s information criterion in generalized estimating equations. Biometrics. 2001; 57(1):
120–125. PMID: 11252586

76.

Cade BS. Model averaging and muddled multimodel inferences. Ecology. 2015; 96(9): 2370–2382.
PMID: 26594695

PLOS ONE | https://doi.org/10.1371/journal.pone.0206222 November 7, 2018

25 / 26

Habitat selection by a wintering waterbird

77.

Basille M, Fortin D, Dussault C, Bastille-Rousseau G, Ouellet JP, Courtois R. Plastic response of fearful prey to the spatiotemporal dynamics of predator distribution. Ecology. 2015; 96(10): 2622–2631.
PMID: 26649384

78.

Fortin D, Fortin ME, Beyer HL, Duchesne T, Courant S, Dancose K. Group-size-mediated habitat
selection and group fusion–fission dynamics of bison under predation risk. Ecology. 2009; 90(9):
2480–2490. PMID: 19769126

79.

Mason TH, Fortin D. Functional responses in animal movement explain spatial heterogeneity in animal-habitat relationships. J Anim Ecol. 2017; 86(4): 960–971. https://doi.org/10.1111/1365-2656.
12682 PMID: 28390110

80.

Basille M. hab: Habitat and movement functions. Vienna: R Foundation for Statistical Computing;
2015. http://ase-research.org/basille/hab

81.

R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria; 2017. Available from: http://www.R-project.org/

82.

Altmann J. Observational study of behavior: sampling methods. Behaviour. 1974; 49(3): 227–266.
PMID: 4597405

83.

Tacha TC, Vohs PA, Iverson GC. Time and energy budgets of sandhill cranes from mid-continental
North America. J Wildlife Manage. 1987; 51(2): 440–448.

84.

Li C, Zhou L, Xu L, Zhao N, Beauchamp G. Vigilance and activity time-budget adjustments of wintering
hooded cranes, Grus monacha, in human-dominated foraging habitats. Plos One. 2015; 10(3):
e0118928. https://doi.org/10.1371/journal.pone.0118928 PMID: 25768111

85.

Pearse AT, Brandt DA, Krapu GL. Wintering sandhill crane exposure to wind energy development in
the central and southern Great Plains, USA. Condor. 2016; 118(2): 391–401.

86.

Petrie MJ, Drobney RD, Graber DA. True metabolizable energy estimates of Canada goose foods. J
Wildl Manage. 1998; 62(3): 1147–1152.

87.

Iriarte DP. Below-Ground Food Production in Habitats Utilized by the Rocky Mountain Populations of
Greater Sandhill Cranes. M.Sc.Thesis, South Dakota State University. 2011.

88.

Fox AD, Boyd H, Bromley RG. Diurnal activity budgets of pre-nesting Sandhill Cranes in arctic Canada. Wilson Bull. 1995; 107(4): 752–756.

89.

Zhou B, Zhou L, Chen J, Cheng Y, Xu W. Diurnal time-activity budgets of wintering Hooded Cranes
(Grus monacha) in Shengjin Lake, China. Waterbirds. 2010; 33(1): 110–115.

90.

Odum EP. Premigratory hyperphagia in birds. Am J Clin Nutr. 1960; 8(5): 621–629.

91.

Rappole J. The avian migrant: the biology of bird migration. Columbia University Press, New York,
New York; 2013.

92.

Schroeder RL, Holler JI, Taylor JP. Managing national wildlife refuges for historic or non-historic conditions: Determining the role of the refuge in the ecosystem. Nat Resour J. 2004; 44(4): 1185–210.

93.

Taylor JP, Wester DB, Smith LM. Soil disturbance, flood management, and riparian woody plant establishment in the Rio Grande floodplain. Wetlands. 1999; 19(2): 372–382.

94.

Molles MC, Crawford CS, Ellis LM, Valett HM, Dahm CN. Managed flooding for riparian ecosystem
restoration. BioScience. 1998; 48(9): 749–56.

95.

Norling BS, Anderson SH, Hubert WA. Roost sites used by sandhill crane staging along the Platte
River, Nebraska. Great Basin Nat.1992; 52(3): 253–261.

96.

Johnson W, Schmidt P, Taylor D. Foraging flight distances of wintering ducks and geese: a review.
Avian Conserv Ecol. 2014; 9:2.

97.

Pearse AT, Krapu GL, Brandt DA, Kinzel PJ. Changes in agriculture and abundance of snow geese
affect carrying capacity of sandhill cranes in Nebraska. J Wildl Manage. 2010; 74(3): 479–488.

98.

U.S. Department of the Interior, Fish and Wildlife Service, U.S. Department of Commerce, U.S. Census Bureau. 2011 national survey of fishing, hunting, and wildlife associated recreation New Mexico.
2011. Available from: https://www.census.gov/prod/2013pubs/fhw11-nm.pdf

99.

Dettinger M, Udall B, Georgakakos A. Western water and climate change. Ecol Appl. 2015; 25(8):
2069–2093. PMID: 26910940

100.

Walsh J, Weuebbles D, Hayhoe K, Kossin J, Kunkel K, Stephens G, et al. Chapter 2: Our changing climate. In: Melillo J, Richmond T, Yohe G, editors. Climate change impacts in the United States: The
third national climate assessment. Washington, D.C.: U.S. Global Change Research Program;
2014. pp. 19–67. Available from http://nca2014.globalchange.gov/downloads

PLOS ONE | https://doi.org/10.1371/journal.pone.0206222 November 7, 2018

26 / 26

