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Abstract. Preserving avian flyway connectivity has long been challenged by our capacity to meaning-
fully quantify continental habitat dynamics and bird movements at temporal and spatial scales underlying
long-distance migrations. Waterbirds migrating hundreds or thousands of kilometers depend on networks
of wetland stopover sites to rest and refuel. Entire populations may rely on discrete wetland habitats, par-
ticularly in arid landscapes where the loss of limited stopover options can have disproportionately high
impacts on migratory cost. Here, we examine flyway connectivity in water-limited ecosystems of western
North America using 108 GPS tagged greater sandhill cranes. Bird movements were used to reconstruct
wetland stopover networks across three geographically unique sub-populations spanning 12 U.S.–Mexican
states and Canadian provinces. Networks were monitored with remote sensing to identify long-term
(1988–2019) trends in wetland and agricultural resources supporting migration and evaluated using net-
work theory and centrality metrics as a measure of stopover site importance to flyway connectivity. Sand-
hill crane space use was analyzed in stopover locations to identify important ownership and landscape
factors structuring bird distributions. Migratory efficiency was the primary mechanism underpinning net-
work function. A small number of key stopover sites important to minimizing movement cost between
summering and wintering locations were essential to preserving flyway connectivity. Localized efficiencies
were apparent in stopover landscapes given prioritization of space use by birds where the proximity of
agricultural food resources and flooded wetlands minimized daily movements. Model depictions showing
wetland declines from 16% to 18% likely reflect a new normal in landscape drying that could decouple
agriculture–waterbird relationships as water scarcity intensifies. Sustaining network resilience will require
conservation strategies to balance water allocations preserving agricultural and wetlands on private lands
that accounted for 67–96% of habitat use. Study outcomes provide new perspectives of agroecological rela-
tionships supporting continental waterbird migration needed to prioritize conservation of landscapes vital
to maintaining flyway connectivity.
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INTRODUCTION

Migration is fundamental to avian ecology
allowing birds to move between breeding and
wintering locations to capitalize on favorable food
and weather conditions (Gauthreaux 1982). Birds
link their movements along continental flyways
covering hundreds to thousands of kilometers
using a distinct network of stopover sites to rest
and refuel. Although occupied for only short peri-
ods over an entire avian annual cycle (i.e., migra-
tion, breeding, and wintering), stopover sites can
be crucial to a large proportion of a population.
Thus, loss of a relatively small amount of habitat
can have disproportionately high impacts (Weber
et al. 1999, Baker et al. 2004, Murray et al. 2018).
Recent work shows 91% of migratory bird species
lack adequate protected area coverage for some
portion of their annual cycle, particularly stopover
sites that are poorly understood despite consider-
able focus of conservation need in the literature
(Runge et al. 2015). Acceleration of global ecologi-
cal impacts brought on by changing climate and
natural resource consumption (Butchart et al.
2010) raises concerns over declining flyway con-
nectivity and the effect stopover habitat loss may
have on migratory bird populations (Kirby et al.
2008, Small-Lorenz et al. 2013, Culp et al. 2017).

Shaped by water scarcity, human settlements
have long been connected to migratory flyways in
arid and semi-arid continental interiors where
migrating waterbirds and historic agriculture con-
centrate around a limited number of ecologically
important wetland and riparian resources (Mor-
rison and Myers 1989, Haig et al. 2019). Water
development associated with these sites today
drives irrigation and urban development support-
ing metropolitan centers and agricultural econo-
mies that account for 40% of global food
production (UNESCO-UN-Water 2020). While
most wetland and riparian ecosystems have been
significantly altered, they remain fundamental to
biological processes sustaining waterbird migra-
tion. Populations in some flyways have adapted
to landscape change and offset habitat loss in part

by utilizing abundant agricultural food resources
that now support energetically demanding migra-
tions (Elphick and Oring 2003, Gauthier et al.
2005, Fox et al. 2017). Long-term sustainability of
waterbird migratory flyways will require a better
understanding of underlying agriculture and wet-
land relationships to inform policy and conserva-
tion measures that balance economic and
ecosystem benefits (Wada et al. 2013).
Arid and semi-arid mid-latitudes of western

North America are among the most important
inland waterbird flyways in the Western Hemi-
sphere (Oring and Reed 1997, Wilsey et al. 2017).
In this region, migratory flyways are structured
around distinct wetland basins and riparian drai-
nages that support large terminal lakes and fresh-
water palustrine wetlands. These habitats
collectively make up a stopover network support-
ing 94 migratory waterbird species and millions of
individual birds during breeding, wintering, and
migration (Drewien and Bizeau 1974, Jehl 1994,
Oring and Reed 1997, Paul and Manning 2002,
Drewien et al. 2003, IWJV 2013). Wetland and
riparian hydrology is heavily influenced by surface
and groundwater reclamation supporting agricul-
ture through complex storage and delivery systems
overlaying migratory flyways. Two-thirds of wet-
lands are associated with agriculture (Donnelly
et al. 2020), supporting valuable waterbird habitat,
mainly consisting of flooded irrigated riparian wet
meadows (McWethy and Austin 2009, Fleskes and
Gregory 2010, Moulton et al. 2013).
Preserving flyway connectivity has long been

challenged by our capacity to meaningfully
quantify continental habitat dynamics and bird
movements at the temporal and spatial scales
underlying seasonal migration. In western North
America, we used greater sandhill crane (Anti-
gone canadensis tabida, hereafter sandhill crane)
migration as a model system to evaluate water-
bird flyway connectivity by reconstructing their
migratory networks and examining landscape
change associated with agriculture and wetland
stopover habitats. Sandhill cranes are an iconic
waterbird species that rely on shallowly flooded
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emergent palustrine wetland and riparian habi-
tats for roosting and foraging during migration
(Drewien and Bizeau 1974, Littlefield et al. 1994).
As with several other waterbird species, sandhill
cranes have adapted to agriculturally dominated
landscapes by supplementing dietary needs with
waste grain (e.g., barley, corn, oats, and wheat)
remaining in cultivated fields post-fall harvest
(Austin 2012). The abundance of flood-irrigated
riparian hay meadows maintained for livestock
ranching also provides important wetland habi-
tats used by sandhill cranes for roosting and for-
aging (McWethy and Austin 2009).

Spring and fall migratory stopover networks
were derived from seasonal sandhill crane

movements spanning 12 U.S.–Mexican states and
Canadian provinces in western North America
(Fig. 1). Network analysis and centrality metrics
were used to evaluate stopover site importance
to flyway connectivity (McRae et al. 2008, Jacoby
et al. 2012). Changes to network habitat availabil-
ity were measured over 31 yr (1988–2019) using
satellite imagery to monitor wetland surface
water trends. Wetland monitoring was linked to
agricultural cropping and land ownership pat-
terns to provide a new flyway scale perspective
of agroecological relationships supporting
continental migration. Study outcomes provide
guidance that prioritizes landscapes vital to pre-
serving waterbird flyway connectivity. Although

Fig. 1. Sandhill crane GPS locations (a) classified by annual cycle as summering (red), migration (gray), stop-
over (green), and wintering (blue). Associated satellite tracks (b) for Central Valley (green), Lower Colorado
River Valley (red), and Rocky Mountain (blue) population segments. Data acquired from 108 individual birds
from fall 2014 to spring 2020. Movements encompass 187 and 150 complete spring and fall migration cycles.
Some summer and winter locations also functioned as stopover locations.
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concentrated in North America, this research has
application to all eight global waterbird flyways
(Wetlands International 2012), all of which must
balance changing water demands for irrigated
agriculture and sustainability of wetland habitats
supporting waterbird migration.

MATERIAL AND METHODS

Study area
Movements of GPS-tagged sandhill cranes in

western North America defined the projects’ geo-
graphic extent (Fig. 1). In this arid to semi-arid
region, wetlands make up only 1–3% of the land-
scape footprint (Tiner 2003). Most wetlands are
concentrated in valley bottoms along riparian
flood plains and closed basin terminal lakes
where associated water resources support irri-
gated agriculture on surrounding private lands.
Publicly owned wetlands occur on U.S. Fish and
Wildlife, National Wildlife Refuges and state
wildlife areas, hereafter “wildlife refuges,” man-
aged to support sandhill cranes and other migra-
tory waterbird populations. Private wetlands are
primarily associated with flood-irrigated riparian
hay meadows used for livestock forage produc-
tion. Other prominent agricultural land uses
include irrigated cultivation of small grain (e.g.,
barley, corn, oats, and wheat), alfalfa, and row
crops (e.g., potatoes and chillies). Climate pat-
terns in northern regions of the study area are
characterized by cold wet winters and hot dry
summers. Wetland flooding is induced by spring
runoff tied to high-elevation snowmelt. Most
wetlands are flooded seasonally, early spring
through mid-summer, after which evaporative
drying reduces surface water availability. South-
ern portions of the study area (Arizona, New
Mexico, Mexico) exhibit mild winter conditions
and hydrology heavily influenced by summer
monsoonal air masses and thunderstorms that
produce intermittent surface water flows sup-
porting freshwater terminal lakes and wetlands.

Crane capture and GPS deployment
Sandhill crane movements were derived from

108 individual birds captured and fitted with
GPS leg bands. Band deployments were parti-
tioned among summer (35) and winter (78) areas
covering three geographically distinct population
segments; Central Valley (CV), Lower Colorado

River Valley (LCRV), and Rocky Mountain (RM;
Collins et al. 2016a; Fig. 1b, Appendix S1). The
majority of band deployments were staggered
from November to January within large aggrega-
tions of wintering birds to increase assurances
monitoring results were distributed among geo-
graphically distinct cohorts. Deployments were
partitioned among individual population seg-
ments to capture differences in migratory routes.
Band deployments in summering areas were
focused strategically in regions that closed moni-
toring gaps in underrepresented portions of
known migratory pathways. Breeding status and
sex of adult banded sandhill cranes (n = 100)
were unknown, but assumed to have minimal
influence on our broadscale assessment of migra-
tory networks. Because sandhill cranes form life-
long pair bonds and maintain close contact
family groups throughout annual summering,
migration, and wintering periods, bird move-
ments were considered similar among sexes.
Additionally, birds marked as colts (n = 8) in
summering areas exhibited migration patterns
similar to adult birds during their first and suc-
cessive migrations (n = 18) when they are typi-
cally forced out of family groups and function as
unpaired non-breeders. Migratory networks
derived from these movements were consistent
with the movement ecology and distribution of
the three population segments sampled (Collins
et al. 2016a). Marked birds from the CV repre-
sented eastern portions of the population’s extent
due to band deployments targeting a summering
region in northeastern Oregon (Pacific Flyway
Council 1997).
Location acquisition rates of individual bands

varied from four to 45 points per day. Location
data encompassed approximately 81,000 bird-
use days acquired from spring 2014 to spring
2020 (Appendix S1: Fig. S2) with over 75% of
days containing seven or more acquisitions per
24 h. In total, 187 unique northward spring
migrations and 150 southward fall migrations
were spatially inventoried. Detailed capture and
GPS deployment procedures are provided in
Collins et al. (2016b), Nowak et al. (2018), and
Boggie et al. (2018).

Movement classification
First passage time analysis (FPT) was used as a

metric to classify annual sandhill crane
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movements as summering, migration, stopover,
or wintering (Fig. 1a; Johnson et al. 1992). This
approach made it possible to measure sandhill
crane space-use over time and identify the spa-
tiotemporal scales at which birds interacted with
landscapes (Fauchald and Tveraa 2003). Because
FPT is scale dependent, we calculated sandhill
crane movement variance at radii from 1 to
100 km to distinguish slow localized movements
from rapid long-distance migration (sensu Le
Corre et al. 2014). We segmented FPT results tem-
porally using Behavioral Change Point Analysis
(BCPA; Lavielle 1999, Lavielle and Teyssière
2006). This method optimized segmentation of
seasonal space use by minimizing a contrast
function (i.e., a function measuring the discrep-
ancy between rapid long-distance migration and
an underlying model characterized by slow
localized movements). We applied BCPA using a
mean contrast function and minimum location
use parameter of 10. Differences in GPS acquisi-
tion rates among birds did not influence BCPA
segmentation due to large-scale migration vs.
localized movements that were distinguished.
Both FPT and BCPA were implemented with R-
package adehabitatLT (Calenge 2011).

Movement segments were classified for indi-
vidual birds using a rule-based approach linked
to seasonal timing and duration of unique space-
use patterns. Summering and wintering segments
were identified as prolonged localized move-
ments beginning in early spring and late fall,
respectively. Migration was classified as segments
occurring between these periods. Stopover seg-
ments were classified as localized movements
occurring for greater than 48 h during migration.
Forty-eight hours was used as a temporal delim-
iter of stopovers, considering prolonged localized
space use was indicative of migratory bird settling
or refueling behaviors (Drent et al. 2006). Stopover
sites identified in this manner were used consis-
tently with >98% of locations occupied over mul-
tiple migrations. Overall stopover distribution
and use were consistent with a hopping migration
strategy observed in LCRV sandhill cranes (Con-
ring et al. 2019) where birds tend to travel rela-
tively short distances before stopping due to
availability of predictable food resources and/or
loafing and roost locations (Warnock 2010). We
acknowledge that stochastic events such as
weather or hunting had the potential to influence

stopover durations; however, the consistency of
stopover reuse suggests these factors were limited
in structuring broader network movements.
To ensure bird movements were comprehensive

of sandhill crane migration networks, discovery of
novel stopover locations were monitored annually
from 2014 to 2020. Steeply declining discovery
rates nearing zero in 2019 and 2020 (Appendix S1:
Fig. S3) suggested our network encompassed the
majority of stopover locations. Stopover sites iden-
tified were predictive of all previously known
stopover locations within the study area (Drewien
and Bizeau 1974, Nowak et al. 2018, Thorpe et al.
2018, Conring et al. 2019).
Mean total migration-stopover days between

summering and wintering locations were calcu-
lated for each population segment during spring-
fall migration. All classified BCPA results were
exported to a GIS for visual inspection and edit-
ing to ensure classifications aligned with
observed bird movements.

Migration networks
Utilization distributions for summering, win-

tering, and stopover segments were generated
for individual birds with a dynamic Brownian
bridge movement model (dBBMM; Kranstauber
et al. 2012). A window size of 11 and margin of
three locations were used as dBBMM input
parameters with output resolution set to
100 × 100 m. To define the extent of local space
use, 95% isopleths were extracted from utiliza-
tion distributions. Isopleths for individual birds
were imported to a GIS as polygons and areas of
overlap merged to identify cumulative space-use
patterns representing distinct sandhill crane
summering, wintering, and stopover areas. R-
package move was used to implement dBBMM
(Kranstauber et al. 2019).
Migration lags for sandhill cranes were

defined as all non-stop flight distances between
summering and wintering locations, excluding
localized movements <20 km. All distances were
measured under a universal transverse mercator
projection. Maximum and median lags were cal-
culated separately for individual population seg-
ments and spring–fall migrations (Appendix S1:
Fig. S4).
Summering, wintering, and stopover polygons

were used as nodes to construct migration net-
works. Networks were generated separately for
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individual sandhill crane population segments
and spring–fall migrations. Nodes were con-
nected when separated by distances less than the
maximum migration lag for each population seg-
ment and seasonal migration. Connections and
measurements were made from geographic cen-
troids of stopover polygons. Connectivity was
assumed to be seasonally directional, where out-
bound node connections during spring migration
(low to high latitude) were made only for head-
ings >270° and <90°. Criteria were inverted for
fall migration (high to low latitude); that is, out-
bound node connections were only made for
headings <270° and >90°.

Following an approach similar to Xu et al.
(2019), we assumed longer migration distances
were associated with an increased cost of move-
ment and weighted node connections using a
dispersal probability. Cost was calculated using a
decreasing exponential function (Keitt et al. 1997)
that assumed greater distances lowered the prob-
ability of sandhill crane movement between
nodes. Calculations were implemented as fol-
lows:

Pij ¼ e�kdij ,

where Pij is the dispersal probability between
nodes i and j, dij is the distance between nodes i
and j, and k is a constant defined by associated
sandhill crane migration lags. We set k to obtain
a dispersal probability of 50% when dij equaled
the median migration lag of each population seg-
ment during spring or fall migration.

Network metrics
Network connectivity values for individual

summering, wintering, and stopover nodes were
generated using centrality metrics: betweenness,
degree, and effective resistance.

The shortest weighted paths between nodes
were calculated for each network using the Dijk-
stra algorithm (Dijkstra 1959). All network con-
nections were weighted using dispersal cost
probabilities (see Migration networks). Between-
ness for individual nodes was calculated as the
total number of shortest paths they supported
(Freeman 1978, Opsahl et al. 2010). For compar-
ison among networks, betweenness measures
were normalized as a proportion of that net-
work’s highest betweenness value. Degree for
individual nodes was calculated as the sum of

their connections. Effective resistance for individ-
ual nodes was determined using the inverse sum
of their contribution to overall network redun-
dancy, that is, alternative migratory pathways
connecting summering and wintering areas
(McRae et al. 2008). All network calculations
were implemented using R-package tidygraph
(Pedersen 2019).
Importance of individual metrics was com-

pared using a network sensitivity site removal
process that eliminated stopover nodes one at a
time in descending order of betweenness, degree,
and effective resistance (sensu Xu et al. 2019).
Random node removal was also simulated
(n = 100). Network sensitivity was measured for
each metric using a stepwise approach that quan-
tified effective resistance during removal. The
use of effective resistance in this manner pro-
vided a measure of network resilience that
accounted for both migration cost (i.e., distance)
and redundancy of migratory pathways (McRae
et al. 2008). Results were plotted as line graphs
for each population segment and spring–fall
migration network and provided as supplemen-
tal material (Appendix S1: Fig. S5).
Node removal results were compared using an

effect index to identify network metrics most
characteristic of stopover site importance:

Em ¼
N0� ln R�Rmn

RRn

� �

Nc
,

where Em is the effect index of network metrics
(m = betweenness, degree, or effective resis-
tance), Rsum is the sum of network effective resis-
tance and Rmn is the inverse sum of effective
resistance when n nodes are removed in
sequence of m, N0 is the total number of nodes in
the network, and Nc is the number of nodes
removed upon network collapse. Because effect
index results were not normally distributed
(Kolmogorov-Smirnov test, D = 0.34, P < 0.001),
they were evaluated using a Kruskal-Wallis test
and a post hoc nonparametric multiple compar-
ison Dunn test to differentiate Em. Overall results
showed betweenness (i.e., number of shortest
migratory paths associated with a stopover
node) to be significantly more important
(P ≤ 0.05) to network evaluation (Appendix S1:
Fig. S6) and therefore was the centrality metric
used to assess flyway connectivity. This outcome
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is consistent with sandhill crane observations
that suggest birds generally minimize migration
by moving between nearest stopover site loca-
tions (Drewien and Bizeau 1974). We considered
nodes with betweenness scores ≥70% to be repre-
sentative of key stopover sites, essential to main-
taining flyway connectivity. Nodes with
betweenness scores ≥10% and <70% were con-
sidered important, but were not viewed as essen-
tial to maintaining overall flyway connectivity.
Network effect index results for individual CV,
LCRV, and RM sandhill crane population seg-
ments are provided in supplemental materials
(Appendix S1: Fig. S7).

Landscape trends
Inside migratory networks, we monitored wet-

land and agricultural resources (e.g., small grain
cultivation) important to sandhill cranes (Pearse
et al. 2017, Boggie et al. 2018). Wetland surface
water extent was used as a proxy to wetland avail-
ability. Following a remote sensing approach out-
lined by Donnelly et al. (2019), wetland conditions
were measured monthly (February–November)
from 1988 to 2019 as a rolling five-year mean using
Landsat satellite imagery. Normalizing estimates
in this way moderated annual climate variability
that influenced wetland conditions (Rajagopalan
and Lall 1998), increasing detectability of long-
term trends. Monthly monitoring also allowed
wetlands to be separated into annual hydrologic
regimes by totaling monthly presence of surface
water within years. Wetlands were classified as
temporary (flooded ≤2 months), seasonal (flooded
>2 and ≤8 months), or semi-permanent (flooded
>8 months) using standards similar to Cowardin
et al. (1979).

Wetland monitoring results were summarized
annually by hydrologic regime as two-month
averages during spring (March–April) and fall
(September–October) migration periods from
1988 to 2019. Change was measured by dividing
wetland patterns temporally into equal periods,
P1 (1988–2003) and P2 (2004–2019), and applying
a nonparametric Wilcoxon test to compare trends
(Siegel 1957). A P value of <0.05 was used to rep-
resent statistical significance. Accuracy of surface
water area determinations was estimated to be
93–98% by comparison with ~20% of stopover
areas that overlapped previous work and identi-
cal methods used by Donnelly et al. (2019).

Accuracy was comparable to similar time-series
wetland inundation studies using Landsat data
(Jin et al. 2017).
Distribution and abundance of small grain cul-

tivation (e.g., barley, corn, oats, wheat) were
monitored annually from 2008 to 2019 using
National Agricultural Statistics Service (NASS)
cropland datasets (NASS 2019). Small grain
crops are known to provide important food
resources utilized by sandhill cranes during
migration (Reinecke and Krapu 1986). Sum-
maries were conducted spatially within sandhill
crane stopover space-use polygons. Availability
of NASS cropland data restricted monitoring
prior to 2008. In a post hoc analysis, we also
monitored fall tilling of harvested small grain
crops (2008–2019); because this farming practice
is known to reduce the availability of waste grain
food resources (Krapu et al. 2004), our analysis
identified as important to sandhill cranes (see
Network habitat importance).
Tillage rates were measured annually from

2008 to 2019 using normalized difference soil
indices (NDSI) using Landsat satellite imagery:

NDSI¼ðband5�band4Þ
ðband5þband4Þ

From satellite imagery, we generated annual
maximum NDSI images representing conditions
from 1 September to 30 November. Because high
NDSI values correlate with areas of bare soil, it
was possible to distinguish tilled vs. non-tilled
agriculture. We masked maximum NDSI images
spatially using small grain (e.g., barley, corn, oats,
and wheat) areas extracted from annual NASS
cropland datasets. Small grain areas coincident
with high soil reflectance (NDSI > 0.25) were clas-
sified as tilled. Tilled agricultural fields visible in
Landsat imagery were overlaid with fall maxi-
mum NDSI images to identify the threshold value
used in our analysis. To ensure outcomes were
representative of landscape conditions, results
were evaluated by overlaying tillage results on
Landsat imagery in randomly selected stopover
areas (n = 20) independent of model training
inputs. Overall accuracy was estimated at 90%.

Network habitat importance
Wetland and agricultural monitoring results

were used to generate a suite of spatially explicit
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resource variables (Appendix S2: Table S1)
important to structuring localized sandhill crane
space-use patterns (Pearse et al. 2017, Boggie
et al. 2018). Variables were ranked as predictors
of local bird densities within stopover sites using
randomForestSRC regression tree analysis (Ish-
waran and Kogalur 2019) as a nonparametric
measure of variable importance (VIMP). Vari-
ables identified as important were used as requi-
sites to monitor long-term trends of network
stopover habitats. Confidence intervals for VIMP
were calculated using double bootstrap subsam-
pling (n = 500, alpha = 0.05; Ishwaran and Lu
2019) to provide a quantitative view of relative
importance for each variable in the model. The
Breiman-Cutler (i.e., permutation) method of
VIMP calculations was applied to all random for-
est analysis (Breiman 2001). Model runs were
conducted using 5000 trees. Sandhill crane densi-
ties were quantified spatially within a continu-
ous 1-km hexagonal grid used to summarize bird
distributions and environmental variables. Grid
size was determined through visual inspection of
sandhill crane space use and set to encompass
typical spatial clustering patterns observed. Den-
sity calculations were normalized by stopover
area, year, and season to account for variance in
bird abundance throughout the network and for
differences in GPS acquisition rates. Timing of
bird locations and variable measures were
aligned temporally to account for annual and
seasonal changes to landscape conditions.

Space use
Proportional space use of public and private

lands was estimated for sandhill cranes within
stopover areas as a measure of land ownership
reliance. A similar approach was applied to wet-
lands, where bird space use was allotted by
landownership and wetland class (i.e., tempo-
rary, seasonal, and semi-permanent). Wetland
availability was derived following methods pre-
viously outlined, but without use of a five-year
rolling mean to estimate surface water condi-
tions. Wetland availability was summarized
annually as a two-month average during spring
(March–April) and fall (September–October)
migrations. Monitoring was completed from
spring 2014 to spring 2020. Proportional esti-
mates of public–private lands and wetland space
use were made by spatially intersecting sandhill

crane locations with ownership (BLM 2004) and
wetland delineations using a GIS. Wetland
results were temporally aligned with sandhill
crane location data to account for changing pat-
terns of habitat availability and bird use over
time. To normalize differences among GPS acqui-
sition rates, land ownership and wetland space-
use calculations were applied to individual birds
and derived as a proportion of their daily point
location totals. Results are presented as an over-
all estimate of space use by CV, LCRV, and RM
population segments.

Data processing
All image processing and raster-based analy-

ses were conducted using Google Earth Engine
cloud-based geospatial processing platform
(Gorelick et al. 2017). All GIS analyses were per-
formed using QGIS (QGIS Development Team
2020). Plotting and statistical analyses were con-
ducted using the R environment (R Core Team
2019, RStudio Team 2019), including R-packages
not previously cited, Tidyverse (Wickham et al.
2019).

RESULTS

Migration networks
Classification of seasonal sandhill crane move-

ments (2014–2020) identified 71 unique stopover
locations used to construct spring–fall migratory
networks connecting birds to summering and
wintering grounds (Appendix S3: Fig. S1). Using
betweenness as a network centrality measure, we
found the San Luis Valley, Colorado (RM, fall
and spring); Pahranagat Valley, Nevada (LCRV,
fall); and Lund, Nevada–LCRV (LCRV, spring) to
be key stopover sites essential to maintaining fly-
way connectivity (Fig. 2, see Appendix S3:
Fig. S2 for map of named stopover locations).
Results indicate that removal of these sites would
substantially alter existing migratory pathways
by increasing travel distances and associated
migratory cost. Additionally, we identified Coke-
ville, Wyoming (RM); Delta, Colorado (RM);
Malad Valley, Idaho (LCRV); Middle Rio Grande
Valley, New Mexico (RM); and Wilcox Playa, Ari-
zona (RM) as sites important to maintaining
spring flyway connectivity. Cache Valley, Utah
(LCRV); Cliff, New Mexico (RM); Harney Basin,
Oregon (CV); Middle Rio Grande Valley, New
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Mexico (RM); Paradise Valley, Montana (RM);
Ruby Valley, Nevada (LCRV); Richfield, Utah
(RM); Three Forks, Montana (RM); Warner Val-
ley, Oregon (CV); Wheatland Wyoming (RM);
and Willcox Playa, Arizona (RM) were identified
as important sites for maintaining connectivity of
fall migration. Patterns of network betweenness
implied that stopover sites identified as impor-
tant functioned to reduce migration cost region-
ally within networks, whereas key stopover sites
influenced bird migration cost network-wide.

Central Valley, LCRV, and RM population seg-
ments exhibited spring migration networks con-
sisting of 8, 20, and 44 stopover sites and fall
migration networks of 2, 26, and 44 stopover
sites, respectively (Appendix S3: Fig. S1). All

stopover sites identified were associated with
wetland or riparian habitats. Lower Colorado
River Valley and RM population segments
shared eight common stopover sites during fall
migration (Cache Valley, Utah [UT]; Great Salt
Lake, UT; Jensen, UT; Malad Valley, Idaho [ID];
Ouray, UT; Payette Valley, ID; Richfield, UT; and
Yuba Lake, UT) and three common sites during
spring migration (Cache Valley, UT; Jensen, UT;
and Payette Valley, ID).
The abundance of small grain cultivation (i.e.,

barley, corn, oats, wheat) and its proximity to
flooded wetlands were the most important land-
scape predictors of sandhill crane distributions
within stopover networks (Fig. 3). Birds consis-
tently occupied areas where the location of waste

Fig. 2. Sandhill crane spring (a) and fall (b) migration networks for Central Valley (green), Lower Colorado
River Valley (red), and Rocky Mountain (blue) population segments. Node size scaled by relative network cen-
trality metric of betweenness as measure of stopover site importance to maintaining sandhill crane flyway con-
nectivity.
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grain and wetlands maximized energetic effi-
ciency by minimizing local movements between
food and water resources. Space-use patterns
were consistent with North American mid-
continent lesser sandhill crane (Antigone canadensis
canadensis) stopover behaviors that showed bird
concentrations in areas where harvested grain
fields and wetland roost locations were most
proximal (Anteau et al. 2011). Factors associated
with disturbance (e.g., distance to roads and
human dwellings) known to influence wintering
sandhill crane distributions (Boggie et al. 2018)
were less important to birds during migration.

Differences in migration duration were evident
among individual networks and spring–fall
movements (Table 1). For example, LCRV and
RM population segments took twice as many
days to move through networks in fall compared
with spring, with RM birds taking 60% and 100%
longer on average than LCRV birds to complete
spring and fall migrations. Shorter overall travel
distances in CV networks limited bird migration
days that were similar in number during spring
and fall. Spring–fall non-stop migratory flight
distances were similar among sandhill crane
population segments except for fall CV flights
that were double other distances observed
(Table 1).

Land use
Sandhill cranes were heavily reliant on private

lands during migration, as evidenced by the
importance of agriculture (i.e., small grain culti-
vation) in predicting high bird concentrations
within stopover sites (Fig. 3). During spring
migration, 67%, 96%, and 78% of CV, LCRV, and
RM sandhill crane space use occurred on private
lands. Patterns were similar during fall migration
with private lands accounting for 90%, 95%, and
85% of CV, LCRV, and RM space use, respec-
tively. Wetlands made up 30% of sandhill crane
space use during spring migration with “sea-
sonal” wetlands accounting for 86% of overall
spring wetland use (Table 2). Only seven percent
of sandhill crane space use occurred in wetlands
during fall migration. Of this use, 58% was attrib-
uted to semi-permanent wetlands overall; how-
ever, use was mixed among population segments
with birds favoring multiple wetland classes
(Table 2; Appendix S4: Table S1). Although wet-
land use made up a smaller proportion of

Fig. 3. Landscape factor importance in predicting
sandhill crane distributions within stopover locations
derived from randomForestSRC regression analysis.
Box: 25th, 50th (center vertical line), and 75th per-
centiles, whiskers: 5th and 95th percentiles.

Table 1. Total days and non-stop flight distances (km)
during sandhill crane spring–fall migration through
the Central Valley (CV), Lower Colorado River Val-
ley (LCRV), and Rocky Mountain (RM) regions.

Population
segment

No. days
(mean � SD)

Flight distance (km)

Median Maximum

CV, spring 13 � 9 222 855
CV, fall 5 � 3 469 819
LCRV, spring 18 � 14 240 1405
LCRV, fall 39 � 20 226 1279
RM, spring 36 � 19 209 1069
RM, fall 63 � 29 214 1022

Table 2. Sandhill crane percentage of wetland use by
ownership (pub, public; pvt, private) and hydrologic
regime (temporary, flooded <2 months; seasonal,
>2 and ≤8 months); semi-permanent, flooded
>8 months).

Regime Spring Fall Pub-pvt spring Pub-pvt fall

Semi-perm 12 58 48/52 24/76
Seasonal 86 23 20/80 21/79
Temporary 1 20 41/59 60/40

Note: Use represents seasonal means for spring (March–-
April) and fall (September–October) migration from 2014 to
spring 2020.
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sandhill crane space-use budgets, 77% and 69%
of overall wetland use were associated with pri-
vate lands during spring and fall migration
(Table 2). The majority (>80%) public land and
wetland use by sandhill cranes during migration
occurred on wildlife refuges.

Landscape change
Overall wetland availability declined across

network stopover sites 16–18% during sandhill
crane spring–fall migration (Table 3, Fig. 4).
Declines were attributed to functional wetland
loss due to drying identified by measured reduc-
tions in surface water extent. Losses were signifi-
cant in temporary and seasonal wetlands and
nearly significant for semi-permanent wetlands
(P value = 0.067) during spring migration
(March–April). During fall migration (Septem-
ber–October), wetland declines were significant
across all wetland classes. Overall temporary
and seasonal wetland availability was three to
five times greater in spring vs. fall migration,
while semi-permanent wetland availability
remained seasonally stable. Wetland data sum-
maries for individual stopover sites are provided
as supplemental material in Appendix S4: Tables
S2–S19.

Wetland declines were mixed among migra-
tion networks with the majority of losses occur-
ring in CV and LCRV migratory stopover sites

(Fig. 5). During spring migration, declines of sea-
sonal wetlands, heavily utilized by sandhill
cranes (see Table 2), occurred in 50%, 69%, and
40% of CV, LCRV, and RM stopovers with signifi-
cant declines in 25%, 30%, and 18% of sites
(Fig. 5a). Net loss of all wetland classes (i.e.,

Table 3. Overall change to wetland availability in
sandhill crane spring and fall stopover sites.

Hydrologic
regime 1988–2003 2004–2019

Difference
(%) P

Spring
Temporary 43,326 35,589 −18 0.0108
Seasonal 43,326 35,589 −18 0.0108
Semi-
permanent

35,122 29,429 −16 0.0671

Fall
Temporary 11,487 9592 −17 0.0045
Seasonal 15,873 13,250 −17 0.0005
Semi-
permanent

15,873 13,250 −17 0.0005

Notes: Results summarized by hydrologic regimes: tempo-
rary (flooded ≤2 months), seasonal (flooded >2 months and
<8 months), and semi-permanent (flooded >8 months).
Change measured as a comparison of annual wetland surface
water area (ha) means between 1988–2003 and 2004–2019 using
Wilcoxon rank order tests. Statistical significance measured as
P value ≤0.05. Annual surface water measures represent mean
conditions during two-month spring (March–April) and fall
(September–October) migration periods.

Fig. 4. Overall wetland surface water area trends for
spring (a) and fall (b) sandhill crane stopover sites.
Trends were measured annually as a five-year rolling
mean from 1988 to 2019 and summarized by wetland
hydrologic regime: temporary (blue, flooded
≤2 months), seasonal (red, flooded >2 months and
<8 months), and semi-permanent (green, flooded
>8 months). Surface water measures represent mean
conditions during two-month spring (March–April)
and fall (September–October) migration periods.
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temporary, seasonal, and semi-permanent) dur-
ing fall migration occurred in 100%, 72%, and
59% of CV, LCRV, and RM sandhill crane stop-
overs with significant declines in 100%, 23%, and
18% of sites (Fig. 5b).

Significant declines in seasonal wetlands
occurred in one of two sites essential to maintain-
ing spring network connectivity (Lund, Nevada
[LCRV]) and in two of six sites designated as
important (Malad, ID [LCRV], and Cokeville,
Wyoming [RM]). Net declines in temporary,

seasonal, and semi-permanent wetlands were
significant in seven of twelve stopover sites
important to fall network connectivity (Cliff,
New Mexico [RM]; Harney Basin, Oregon [CV];
Middle Rio Grande Valley, New Mexico [RM];
Paradise Valley, Montana [RM]; Richfield, UT
[RM]; Ruby Valley, Nevada [LCRV]; and Warner
Valley, Oregon [CV]).
Distribution of small grain cultivation in sand-

hill crane migration networks was high, occur-
ring in 89%, 69%, and 84% of spring and 100%,

Fig. 5. Wetland change in sandhill crane migration stopover networks for Central Valley (green), Lower Color-
ado River Valley (red), and Rocky Mountain (blue) population segments. Changes to seasonal wetlands are
shown in spring migration networks (a) due to patterns of high bird use observed in this wetland class (see
Table 2). Net change for all wetland classes (temporary, seasonal, and semi-permanent) is shown in fall migration
networks (b) to depict impacts of mixed wetland use exhibited by birds. Red circles indicate wetland decline,
and solid red circles identify decline as significant. Blue circles indicate stable to increasing wetland availability.
Gray circles identify non-stopover (i.e., wintering or breeding) locations. Change measured as a comparison of
annual wetland surface water area means between 1988–2003 and 2004–2019 using a Wilcoxon rank order test.
Statistical significance measured as P value ≤0.05.
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71%, and 95% of fall CV, LCRV, and RM migra-
tion stopover sites (Appendix S5: Fig. S1). Over-
all cultivated area trends from 2008 to 2019 were
stable (�8.3% SD) across stopover sites (Fig. 6).
From 2008 to 2019, an average of 41%, 30%, and
42% of post-harvested small grain areas were fall
tilled in CV, LCRV, and RM networks, reducing
access to important waste grain foraging
resources during subsequent spring migration
(Anteau et al. 2011). Outliers of small grain til-
lage included the San Luis Valley, Colorado
(RM), 14%; Cache Valley, UT (LCRV-RM), 63%;
and Malad, ID (LCRV-RM), 60%. Trends in over-
all fall tillage rates were stable (�11.8% SD) from
2008 to 2019. Small grain data summaries for
individual stopover sites supporting our analysis
of migration network change are provided as
supplemental material (Appendix S5: Table S1).

DISCUSSION

Network function
Our analysis is the first to reconstruct sandhill

crane migratory networks to evaluate the connec-
tivity of stopover habitats in western North Amer-
ica. The results of this study provide an important
analytical tool that structures wetland and sand-
hill crane conservation at the flyway scale. Migra-
tory efficiency was the primary mechanism
underpinning network function where a small
number of key stopover sites important to mini-
mizing movement costs between summering and
wintering locations were essential to maintaining

connectivity. Localized efficiencies were apparent
in stopover landscapes given documented space-
use patterns in areas where the proximity of agri-
cultural food resources (i.e., waste grain) and
flooded wetlands minimized daily bird move-
ments. Our continental perspective of migratory
networks provides a new framework to prioritize
local habitat conservation in landscapes essential
to maintaining flyway connectivity for sandhill
cranes and other wetland-dependent migratory
birds.
Our analyses identified three key sites that

were essential to maintaining flyway connectiv-
ity, and numerous others that were important to
spring or fall migration. The key stopover sites
supporting LCRV and RM network connectivity
(San Luis Valley, Colorado; Lund and Pahranagat
Valley, Nevada) were associated with continental
ecotones where ecosystem water balance transi-
tioned semi-arid to arid as birds moved into
dryer Mojave, Sonoran, and Chihuahuan desert
regions. During fall migration, limited water
availability and agricultural food resources acted
as bottlenecks in migratory networks that con-
centrated birds in a small number of stopover
and wintering sites (i.e., Imperial Valley, Califor-
nia; Middle Rio Grande Valley, New Mexico;
Santa Ana, Chihuahua; Wilcox, Arizona). Con-
versely, key stopover sites acted as hubs for
migratory dispersal in spring when birds were
able to take advantage of increased network
redundancy resulting from greater wetland and
agricultural abundance as they moved north.
The lack of key stopover sites during spring CV
migration was attributed to relatively short over-
all migration distance and consistent availability
of wetland and agricultural resources that dis-
tributed connectivity equally across the network.
Longer more direct migratory movements and
seasonal reductions to wetland availability were
likely contributing factors that limited the CV
network to two important stopover sites (Warner
Valley and Harney Basin, Oregon) during fall
migrations.
Observed patterns of continental movement

indicated sandhill crane migration is dependent
on a distinct ecological patchwork of wetland
and riparian areas in water-limited landscapes.
Although bird use of these sites likely preceded
agricultural development (sensu Emory 1848),
networks aligned spatially with farming and

Fig. 6. The area of small grain cultivated (blue line)
across sandhill crane stopover sites from 2008 to 2019
(blue line) and untilled post-harvest small grain
remaining during spring migration (red line).
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ranching industries reliant on irrigation water
generated from associated wetland and riparian
systems. Casual observations of habitat space-
use through our analysis showed that during
migration, sandhill cranes took advantage of
agricultural food resources to offset seasonal
changes to wetland availability. Higher rates of
agricultural field use during fall migration coin-
cided with lower seasonal and temporary wet-
land availability caused by excessive evaporation
and summer drying (see Fig. 4). Traditionally,
birds may have relied more heavily on terrestrial
foraging strategies in fall when wetlands were
naturally limited. However, availability of high
energy agricultural foods (i.e., waste grain) cou-
pled with wetland-riparian declines is likely to
have increased terrestrial habitat dependence.
Conversely, we speculate that the sixfold higher
use of wetlands in spring vs. fall migration is due
to greater wetland availability and shifts to
protein-based foraging strategies to meet the
energetic demands of egg production prior to
breeding (Nowald et al. 2018). High concurrent
use of agricultural fields in spring (70%) also
underscored the value birds continued to place
on waste grain to support energetic demands
during migration.

Codependence of water resources linking
sandhill cranes and agriculture suggests network
function is, in part, made possible by a balance
between irrigation that supports crop production
(i.e., waste grain availability) and water needs
that maintain resilience of important wetland
and riparian habitats used by birds. Since the
onset of modern cultivation, agriculture has pro-
vided high energy food resources for migratory
waterbirds and is credited as an important surro-
gate to historic habitat loss that supports numer-
ous species globally (Czech and Parsons 2002,
Elphick and Oring 2003, Gauthier et al. 2005, Fox
et al. 2017). The importance of agricultural lands
to sandhill crane networks was clearly evident,
as the proximity of small grains to wetlands was
the most important driver of sandhill crane land
use at stopover sites. Furthermore, 67–96% of
space use by birds occurred on private lands.
Donnelly et al. (2020) found that in important
waterbird landscapes, coincident with sandhill
crane migration networks, nearly two-thirds of
wetlands occurred on private lands, the majority
of which were flood-irrigated wet meadows that

support sandhill crane habitat (Drewien and
Bizeau 1974, Littlefield et al. 1994).
While our findings clearly outlined sandhill

crane reliance on agriculture, underlying mecha-
nisms supporting this relationship were more
complex. In the western USA and Mexico, >89%
of surface water rights are dedicated to agricul-
ture, with demand in many regions exceeding
availability (Maupin et al. 2010, Vélez and Saez
2011). More frequent irrigation shortfalls due to
climate change can exacerbate wetland loss (Dow-
nard and Endter-Wada 2013) and accelerate pat-
terns of unsustainable groundwater pumping
meant to offset surface water declines that further
degrade wetland function supporting migratory
waterbird networks (Scott et al. 2014, Cody et al.
2015). It has been acknowledged that irrigation
development has influenced wetland change
(Lemly 1994), although the magnitude of wetland
change attributed to agriculture in this study is
unknown. Sandhill cranes and other migrating
waterbirds have largely become dependent upon
agriculturally supported wetlands (Drewien and
Bizeau 1974, Fleskes and Gregory 2010, Donnelly
et al. 2019). As noted previously, Donnelly et al.
(2020) found that nearly two-thirds of wetlands in
landscapes linked to sandhill crane migration
were provided by agriculture, but the same study
indicated that only seven percent of irrigated
lands were associated with wetland habitats. Fur-
thermore, waste grain benefiting some migratory
waterbird species (Elphick and Oring 2003, Fox
et al. 2005, Gauthier et al. 2005) has also been
linked to agricultural conversion and water devel-
opment that historically have been the greatest
driver of wetland loss (Davidson 2014). While con-
flicts exist between conservation and agricultural
interests (Lemly et al. 2000), government natural
resource programs in Canada and the USA (Rewa
2005, Tyrchniewicz and Tyrchniewicz 2007) have
provided substantial benefits for migratory water-
birds through financial support targeting wetland
protections in agricultural landscapes (O’neal
et al. 2008, Beatty et al. 2014, Tapp and Webb
2015).

Landscape change
Migratory network dependence on a limited

number of key wetland and riparian systems
raises concerns over intensifying patterns of
water scarcity in western North America

 v www.esajournals.org 14 June 2021 v Volume 12(6) v Article e03543

AGROECOSYSTEMS DONNELLY ETAL.



(Scanlon et al. 2012, Donnelly et al. 2020, Richter
et al. 2020). Publicly managed wildlife refuges
offer protections to some stopover sites, but are
often dwarfed in comparison with habitats avail-
able on surrounding private lands. These
inequalities are compounded in landscapes
where water shortages and increasing water
costs have limited wetland habitats on wildlife
refuges (Mayer 2005, Griffith et al. 2009). Over-
whelming reliance on private lands identifies
additional vulnerability to networks linked to
the uncertainty of agricultural land-use change
incompatible with migratory needs. Changes in
agricultural practices reducing waste grain avail-
ability (e.g., increased harvest efficiency and til-
lage) or shifts to crops incompatible with dietary
waterbird needs can rapidly reduce access to
food used to meet energetic demands of migra-
tion (Krapu et al. 2004). We found little evidence
that patterns of small grain cultivation or tillage
have changed within stopover sites since 2008.
However, intensifying irrigation demands and
increasing water scarcity due to climate change
(Snyder et al. 2019) raise questions over long-
term sustainability of existing agricultural prac-
tices (Richter et al. 2020).

Our model depictions of declining surface
water trends likely reflect a new normal in wet-
land drying that could impact connectivity of
continental migration, particularly in CV and

LCRV networks where stopover sites exhibited
significant wetland loss. A recent assessment of
climate projections encompassing sandhill crane
migration networks by Snyder et al. (2019) sug-
gests that regional temperature by 2020–2050
will be ~1°C to ~3°C above the historical baseline
of 1980–2010. Increasing temperatures are pre-
dicted to decrease snowpack runoff supporting
wetland function while simultaneously increas-
ing agricultural water needs through elevated
evaporative demand from crops (Mix et al. 2009,
Elliott et al. 2014). Impacts to riparian function
were already apparent in the Middle Rio Grande
Valley, New Mexico, identified as an important
stopover site and known wintering location (Dre-
wien and Bizeau 1974), where diminished river
flows exacerbated by more frequent drought and
woody species encroachment have resulted in
channel constriction, dramatically reducing roost
site availability for sandhill cranes (Fig. 7).
Growing urban water demands are likely to

compound projected climate shortfalls by nega-
tively impacting wetlands and irrigated agricul-
ture in some stopover sites (Schaible and Aillery
2017). Efforts in areas of Colorado, for example,
have proposed rotational agricultural fallowing
through purchase and repurposing of rural irri-
gation water for municipal use (Dilling et al.
2019). Such scenarios frequently require out-of-
basin water transfers, reducing local wetland

Fig. 7. Model example: Middle Rio Grande Valley, New Mexico, surface water area change images (a1–2)
depict river channel constriction caused by long-term impact of woody invasive plant encroachment and flow
reductions. Graph (a3) illustrates annual surface water decline from 1988 to 2019 as five-year rolling mean. Least
squares regression (a3; blue line) with 0.95% confidence interval of slope shown in gray fill. Red dots identify
timing of surface water conditions depicted by images; fall 1988 (a1) and 2018 (a2).
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availability supported through irrigation while
eliminating important agricultural food
resources for birds. Additionally, loss of irriga-
tion can increase subdivision risk that removes
wildlife compatible land-use practices in rural
landscapes as producers sell off land for develop-
ment due to its reduced agricultural value (Doz-
ier et al. 2017).

Sustaining flyway connectivity
Results from our analysis clearly demonstrate

the need for continental land protection strate-
gies considerate of flyway connectivity. The suc-
cess of migratory networks is a result of
connectivity at key stopover sites. Network col-
lapse can occur when stopover sites have poor
habitat conditions or are spaced at distances too
large to maintain a positive energetic balance for
migrating birds. All key stopover sites identified
in this study have been impacted or have the
potential to be impacted, by current or proposed
water use decisions. However, the underlying
drivers of water availability and solution matri-
ces differ among sites. For example, in the San
Luis Valley, a key stopover site for RM sandhill
cranes, water policy decisions have led to
groundwater pumping surcharges meant to curb
overuse affecting senior surface water rights
(Cody et al. 2015). While this action may be
viewed as a net positive for wetland sustainabil-
ity, the economic consequences have unintention-
ally suppressed conservation efforts by
dramatically increasing the value of limited sur-
face water stores. In turn, these actions have dri-
ven up wetland restoration and management
costs on private lands and public wildlife refuges
(Kelley 2017). Similarly, economic pressure to
obtain long-term water security for the city of
Las Vegas, Nevada, has prompted planning to
transport groundwater from rural basins encom-
passing the majority of LCRV stopover sites in
the state, including key network sites at Pahrana-
gat Valley, and Lund, Nevada. Planning projec-
tions identify extraction of 223 million cubic
meters of groundwater annually that are pre-
dicted to reduce spring discharge supporting
waterbird habitats throughout the region (Dea-
con et al. 2007).

Water-conservation, while necessary to meet
long-term human demands (Sabo et al. 2010,
Richter et al. 2020), can conflict with preservation

of migratory networks. Inefficient water use by
agriculture (e.g., flood irrigation) is often associ-
ated with wetland habitats supporting large
waterbird populations in landscapes where few
natural wetlands remain (Elphick and Oring
2003, Moulton et al. 2013). For example, flood
irrigation of hay meadows confined to riparian
floodplains mimic once natural hydrologic pro-
cesses that today maintain habitat essential to
sandhill cranes and other migratory waterbirds.
Such practices, however, are frequently deemed
an inefficient use of water (Richter et al. 2017),
and if replaced with more efficient irrigation
(e.g., sprinkler), can result in unintentional wet-
land loss. Improved irrigation efficiency seldom
results in net water savings, but instead can
encourage the expansion of irrigated lands or
planting of more water-intensive crops, thus
reducing water infiltration supporting aquifer
recharge and riparian flows (Ward and Pulido-
Velazquez 2008, Pfeiffer and Lin 2014). While the
loss of individual agricultural wetlands through
irrigation efficiency measures can influence wild-
life use locally, the cumulative effects can
negatively impact connectivity of waterbird
migration at the flyway scale.
Sustainability of flyway connectivity will hinge

on the balance of water allocations that preserve
agricultural and wetland-riparian function. Lim-
ited distribution of publicly protected wildlife
refuges indicates meaningful conservation strate-
gies must include private landowners that made
up an overwhelming majority of agricultural and
wetland areas used by sandhill cranes. Conserva-
tion efforts providing long-term protections for
agricultural land-use practices that sustain wet-
land habitats can benefit sandhill cranes substan-
tially. As our analyses indicate, the location of
available wetlands relative to others in the fly-
way network can amplify their value to migra-
tory waterbirds.
Although this work focuses on sandhill cranes,

our analysis provides a model system for flyway
conservation applicable to all waterbirds in west-
ern North America (Miller et al. 2005, Haukos
et al. 2006). Conserving connectivity will require
adaptive changes to existing conservation priori-
ties that to date have targeted wintering and
breeding locations associated with the greatest
bird and habitat concentrations (e.g., North
American Wetlands Conservation Act 1989),
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rather than stopover sites supporting migration
(Arzel et al. 2006). Quantity and quality of spring
migration habitat are known to influence water-
birds’ breeding propensity and recruitment
(Gunnarsson et al. 2005, Morrison et al. 2007,
Devries et al. 2008). Inadequate protections in
key stopover sites could significantly alter net-
work efficiency by increasing the distance and
energetic cost of migration. If not addressed, this
reduction in flyway connectivity could manifest
as new and powerful cross-seasonal effects that
limit survivorship and population growth (Baker
et al. 2004, Iwamura et al. 2013, Hua et al. 2015).

To accelerate continental network protections,
we make our data available to natural resource
planners and wildlife managers as a framework
to prioritize conservation of key migratory land-
scapes (https://jp4932539.shinyapps.io/craneShi
nyApp2/). Consideration of specific social,
ecological, and economic factors will be neces-
sary to accurately identify impacts and provide
opportunities to protect wetland stopover habi-
tats. As highlighted in this study, the conserva-
tion value of irrigated agriculture and wetlands
is manifested in the context of both local habitat
needs and their contribution to processes sup-
porting broader flyway connectivity for water-
birds. We encourage the use of our results to
inform conservation solutions through collabora-
tive and proactive decision-making among local
and regional stakeholders throughout western
North America.
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