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Abstract

Conservation translocations are frequently inhibited by extensive dispersal after re-
lease, which can expose animals to dispersal-related mortality or Allee effects due to
a lack of nearby conspecifics. However, translocation-induced dispersals also provide
opportunities to study how animals move across a novel landscape, and how their
movements are influenced by landscape configuration and anthropogenic features.
Translocation among populations is considered a potential conservation strategy for
lesser prairie-chickens (Tympanuchus pallidicinctus). We determined the influence of
release area on dispersal frequency by translocated lesser prairie-chickens and meas-
ured how lesser prairie-chickens move through grassland landscapes through avoid-
ance of anthropogenic features during their dispersal movements. We translocated
411 lesser prairie-chickens from northwest Kansas to southeastern Colorado and
southwestern Kansas in 2016-2019. We used satellite GPS transmitters to track 115
lesser prairie-chickens throughout their post-release dispersal movements. We found
that almost all lesser prairie-chickens that survived from their spring release date until
June undergo post-translocation dispersal, and there was little variation in dispersal
frequency by release area (96% of all tracked birds, 100% in Baca County, Colorado,
94% in Morton County, Kansas, n=55). Dispersal movements (male: 103 +73km,
female: 175+ 108km, n=62) led to diffusion across landscapes, with 69% of birds
settling >5km from their release site. During dispersal movements, translocated
lesser prairie-chickens usually travel by a single 3.75+4.95km dispersal flight per
day, selecting for steps that end far from roads and in Conservation Reserve Program
(CRP) grasslands. Due to this “stepping stone” method of transit, landscape connec-
tivity is optimized when <5km separates grassland patches on the landscape. Future
persistence of lesser prairie-chicken populations can be aided through conservation
of habitat and strategic placement of CRP to maximize habitat connectivity. Dispersal
rates suggest that translocation is better suited to objectives for regional, rather than

site-specific, population augmentation for this species.
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1 | INTRODUCTION

Translocation is the act of anthropogenically moving individuals
from one area to another and is typically used to introduce, rein-
troduce, or supplement populations in areas isolated from natural
immigration (IUCN/SSC, 2013). While criteria for translocation
success may vary, frequent criteria include the establishment of
self-sustaining populations and an increase in population size, de-
mographic rates, or genetic diversity (Acevedo et al., 2023; Griffith
et al., 1989; Nilsson et al., 2023). However, translocation success
can be inhibited when animals act abnormally upon introduction
to a novel environment, such as during dispersal away from the re-
lease site (Berger-Tal et al., 2020). Post-translocation dispersal can
expose animals to dispersal-related mortality (Yoder et al., 2004)
or Allee effects due to a lack of nearby conspecifics (Armstrong
& Wittmer, 2011), thereby negatively affecting the success of the
translocation.

Though dispersal movements can complicate translocation ef-
forts, they provide an opportunity for quantifying landscape con-
nectivity by tracking large numbers of dispersing individuals moving
across novel landscapes. Landscape connectivity, defined as the
extent to which the landscape aids or deters movement among
patches, is a critical aspect for preserving the viability of at-risk spe-
cies (Haddad et al., 2015; Taylor et al., 1993). At large spatial scales,
landscape connectivity enables the exchange of individuals and ge-
netic material among populations across a species' range, resulting in
increased genetic diversity, range expansion, and recolonization of
previously occupied habitats (Epps et al., 2005; Gil-Tena et al., 2013;
Smith et al., 2021). By facilitating immigration, landscape connectiv-
ity can aid regional recovery of populations after stochastic events
and species range shifts in response to climate change (Rudnick
et al., 2012; Sarremejane et al., 2021). At smaller spatial scales, land-
scape connectivity allows dispersers to reinforce, reestablish, or
colonize nearby available habitat patches and assess relative habitat
quality, facilitating the persistence of metapopulations dependent
on immigrant input from source populations for population per-
sistence (Pulliam, 1988).

The lesser prairie-chicken (Tympanuchus pallidicinctus) is a
grassland-obligate species of conservation concern that is en-
demic to the southern Great Plains of the United States (Boal &
Haukos, 2016). Lesser prairie-chickens engage in a lek breeding
system that is central to much of their life history; lesser prairie-
chickens stay near leks year-round and typically nest within 3.2km
of a lek (Boal & Haukos, 2016). Landscape connectivity facilitates
the flow of genetic material and population exchange within and

connectivity, Conservation Reserve Program, dispersal, prairie grouse, translocation,
Tympanuchus pallidicinctus
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across the four separate ecoregions that comprise the species'
currently occupied range (Appendix S1: Figure S1; Westemeier
et al.,, 1998, McDonald et al., 2014). Since the late 19th century,
lesser prairie-chickens have been declining in abundance and occu-
pying range due to reductions in grassland habitat from agricultural
conversion and woody plant encroachment (Fuhlendorf et al., 2002;
Rodgers, 2016). Lesser prairie-chickens require wide expanses of
contiguous grassland for their persistence; reductions in grassland
habitat can impede their ability to recover from drought events (Ross
et al., 2016a). Reductions in grassland cover have been partially off-
set by the U.S. Department of Agriculture (USDA) Conservation
Reserve Program (CRP), which began in 1985 and provides incen-
tives for the conversion of cropland into grassland for 10-15year
contract periods (Spencer et al., 2017; Stubbs, 2014).

Translocation is a common technique in prairie grouse man-
agement; numerous prairie grouse translocations have occurred
in the last few decades, often with anecdotal observations of ex-
treme dispersal movements after translocation (Coates et al., 2006;
Hamerstrom Jr & Hamerstrom, 1951; Vogel, 2015). However, wide-
spread monitoring of translocations is rare, as are evaluations of
how these dispersal movements affect the efficacy of translocations
(Snyder et al., 1999; Teige et al., 2023). Dispersal following translo-
cation can negatively affect translocation success due to mortality
and diffusion throughout the release site, especially for sage and
other prairie grouse (i.e., Centrocercus spp, Tympanuchus spp; Reese
& Connelly, 1997, Snyder et al., 1999). To ameliorate these effects,
past translocations have attempted to reduce the proportion of dis-
persing prairie grouse through release at leks or near nesting habitat
(Coates et al., 2006). Despite consideration of translocation as a tool
for lesser prairie-chicken restoration efforts (Berigan et al., 2022;
Solomon, 2022), there has been little study of the rate or extent of
dispersal of lesser prairie-chickens after translocation, and whether
lesser prairie-chickens follow dispersal patterns observed in other
species of prairie grouse. Anecdotal observations report the disap-
pearance of lesser prairie-chickens from the release site after trans-
location and cite dispersal as a likely cause for translocation failure (a
comprehensive overview of past lesser prairie-chicken translocation
efforts is in Appendix S2).

In native populations, lesser prairie-chicken dispersal move-
ments are generally defined as one-way movements that result in
>5km displacement from a bird's home range, as these movements
are longer than would be expected during typical daily activity
(Earl et al., 2016; Haukos & Zavaleta, 2016). Dispersal movements
typically occur during late spring and summer (net displacement:
x=16.18km, SE=2.77km), with female lesser prairie-chickens
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being responsible for the most frequent movements (males dispers-
ing per year: 2.1%-5.9%, females: 13.1%-48.4%; Earl et al., 2016).
Anthropogenic structures can repel lesser prairie-chickens during
dispersal movements at distances up to 350m for oil and gas wells
and 5.4km for electrical transmission lines (Peterson et al., 2020).
Anthropogenic barriers can restrict movements by lesser prairie-
chickens in a similar manner to habitat fragmentation, resulting in
reduced landscape connectivity. However, it is still unclear how land
cover types and configurations affect lesser prairie-chicken disper-
sal movements in novel landscapes, and how landscape composition
works in concert with anthropogenic barriers to limit lesser prairie-
chicken population connectivity.

We studied movements and land cover selection by dispersing
lesser prairie-chickens following translocation of birds from the Short-
Grass Prairie/CRP Mosaic Ecoregion to the Sand Sagebrush (Artemisia
filifolia) Prairie Ecoregion in 2016-2019. We examined whether lesser
prairie-chickens translocated to two ecologically distinct areas would
undergo similar dispersal movements after translocation; as a subob-
jective, we measured whether female dispersal movements might be
constrained by their usual tendency to nest within 3.2km of a lek (Boal
& Haukos, 2016). When dispersal occurred following translocation,
we evaluated how lesser prairie-chickens moved across novel land-
scapes in relation to land cover classes and potential anthropogenic
obstacles to assess how these features affect landscape connectivity.
Based on prior research suggesting that dispersal frequency varies
among translocated individuals based on habitat near the release site
(Coates et al., 2006), we hypothesized that post-translocation dis-
persal would not be a universal trait for lesser prairie-chickens, as
post-translocation dispersal frequency would instead vary between
ecologically distinct release sites. We predicted that lesser prairie-
chickens released in Baca County, Colorado, which is composed of
CRP and short-grass prairie and more closely resembled landscapes
where source birds were captured, would disperse at a lower rate
than those released in Morton County, Kansas, which included a
novel habitat type, sand sagebrush prairie. Based on studies that
demonstrate that lesser prairie-chickens are dependent on grassland
habitat throughout much of their life cycle and avoid anthropogenic
obstacles (Boal & Haukos, 2016), we also hypothesized that lesser
prairie-chickens would move through grassland and avoid anthropo-
genic features during their dispersal movements. We predicted that
a step selection function (Fortin et al., 2005) would find selection for
steps that end in CRP grassland and selection against steps that cross
or end near anthropogenic features during lesser prairie-chickens'

post-translocation dispersal movements.

2 | METHODS
2.1 | Studyarea
We translocated lesser prairie-chickens from the Short-Grass

Prairie/CRP Mosaic Ecoregion in northwestern Kansas to the
Sand Sagebrush Prairie Ecoregion in southwestern Kansas and
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southeastern Colorado (Appendix S1: Figure S1). The two coun-
ties where we released lesser prairie-chickens (Baca County,
Colorado [662,260ha], and Morton County, Kansas [189,069 ha])
were composed of row-crop agriculture (31.8% Baca, 47.7%
Morton), CRP grasslands (16.6% Baca, 17.7% Morton), and native
prairies (49.8% Baca, 33.9% Morton). Oil and gas exploration oc-
curs in both counties, with 113 active wells on record in Baca
County (Colorado Oil and Gas Conservation Commission, 2020)
and 2139 active wells on record in Morton County (Kansas
Geological Survey, 2020). The vegetation communities found in
Baca and Morton counties included both short-grass and sand
sagebrush (Artemisia filifolia) prairies. Short-grass prairie was
dominated by blue grama (Bouteloua gracilis) and buffalograss
(B. dactyloides), while sand sagebrush prairie was primarily com-
posed of sand sagebrush, sand dropseed (Sporobolus cryptandrus),
western ragweed (Ambrosia psilostachya), and blue grama (Berigan
et al.,, 2022). Mean monthly temperatures during the study pe-
riod (2016-2019) ranged from 0.3 to 27.3°C in Elkhart, Kansas,
and from -1.4 to 25.6°C in Springfield, Colorado (High Plains
Regional Climate Center, 2023). Annual precipitation during the
study period ranged from 40.9 to 67.0cm in Elkhart, Kansas, and
31.0-52.2cm in Campo, Colorado. The historical average an-
nual precipitation is 46 cm in Elkhart, Kansas (SD: 12cm, range:
23-76cm, date range: 1900-2021) and 38cm in Springfield,
Colorado (SD: 11cm, range: 19-68cm, date range: 1916-1970;
High Plains Regional Climate Center, 2023).

The USDA-Forest Service manages 65,437 ha of land as part of
the Comanche and Cimarron National Grasslands in Baca (12.2%)
and Morton (23.0%) counties, respectively, with a focus on provid-
ing multi-use opportunities for grazing, energy exploitation, and
wildlife recreation. Translocated lesser prairie-chickens were re-
leased on Comanche and Cimarron National Grasslands. Although
both counties are within the Sand Sagebrush Prairie Ecoregion,
different soil types, precipitation, and management have led to
distinct differences in vegetation composition between the coun-
ties and National Grasslands (Berigan et al., 2022). The Cimarron
National Grassland, in particular, has a greater proportion of
sand sagebrush within its cover types (x=12%, range: 0%-37%)
than the Comanche National Grassland (x=5%, range: 3%-6%);
grasslands on the Cimarron frequently have a greater forb com-
position than their Comanche counterparts (Cimarron: x=32%,
range: 11%-56%; Comanche: x=26%, range: 23%-30%; Berigan
et al.,, 2022). Public and private rangelands in Morton County
often have a greater proportion of sod-grasses, with low value for
lesser prairie-chicken nesting habitat, than Baca County (Morton:
x=232%, range: 2%-71%; Baca: x =28%, range: 18%-42%; Berigan
et al., 2022). Although tall and mid-grasses with high nesting
value are more common in Morton County CRP (24%) than Baca
County CRP (11%; Berigan et al., 2022), vegetation composition
of CRP is similar between the counties. CRP patch sizes are on
average smaller in Morton County (x=64.7 ha, median=48.5ha,
SD =84.8ha) than in Baca County (x=121.4ha, median=65.0ha,
SD=160.8ha).
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2.2 | Translocation and monitoring

Between fall 2016 and spring 2019, we translocated 411 lesser
prairie-chickens captured on leks to the Cimarron and Comanche
National Grasslands using a hard release technique (not including
measures that would facilitate a gradual transition to the release site;
De Milliano et al., 2016). The initial fall 2016 release was primarily
males (26 males, 1 female); all subsequent releases were in spring and
had similar numbers of males and females (Berigan et al., 2022; Teige
et al., 2023). We equipped birds translocated during fall 2016 and
spring 2017-2019 with 11-g bib-style very-high-frequency (VHF)
transmitters. We used RI-2B VHF transmitters from Holohil Systems
Ltd. (Carp, ON, Canada) in 2016 and 2017, and used Series A3900
VHF transmitters from Advanced Telemetry Systems (Isanti, MN,
USA) in 2018 and 2019. Additionally, during 2018 and 2019, we de-
ployed rump-mounted 22-g Satellite Platform Transmitting Terminal
(SAT-PTT) GPS transmitters (PTT-100; Microwave Telemetry,
Columbia, MD, USA) on translocated birds (a total of 115 birds with
GPS transmitters and 279 birds with VHF transmitters). The final 17
translocated birds were not given a GPS or VHF tag due to a lack of
supply; these birds were therefore excluded from monitoring.

We initially released birds on either the Cimarron or Comanche
National Grasslands in 2016 and 2017 in areas chosen for their prox-
imity to presumed high-quality nesting habitat, determined based
on plant species composition, visual obstruction, and historical leks.
We adjusted release sites in 2018 and 2019 once translocated birds
began lekking to ensure that birds were released near active lekking
or previous nesting sites. The release site on the Comanche National
Grasslands in 2016-2017 was at the Aubrey Trail lek, which had ac-
tive lekking through spring 2016. In spring 2018 and 2019, we moved

the release site on the Comanche National Grasslands to the historic
White Cow lek, which was re-established as a lekking site in 2019.
The release site on the Cimarron National Grassland in 2016-2017
was on USDA-Forest Service land adjacent to the P3 lek, a small ac-
tive lek to the south of the Cimarron River. In 2018, we released
birds translocated to the Cimarron National Grasslands jointly at
P3 (which became inactive in 2018) and a new release site at the
inactive historical L7 lek, chosen because of its proximity to pre-
sumed quality nesting habitat on the Cimarron National Grassland.
In 2019, we released all birds translocated to the Cimarron National
Grassland at the L4 site (Figure 1; Teige et al., 2023).

We attempted to monitor birds equipped with VHF transmit-
ters at least three times per week, but due to extensive disper-
sal movements following release, many VHF birds went missing
for a period of one or more months, with some birds never lo-
cated (Teige et al., 2023). A Colorado Parks and Wildlife plane
was used monthly (May-July) to relocate missing VHF birds via
aerial telemetry. We monitored birds equipped with satellite
transmitters remotely, with a GPS location recorded at +18 m ac-
curacy every 2h between 1100 and 0500 UTC (0600 and 0000
Central Daylight Time) and uploaded to an ARGOS satellite every
3days. When tagged birds congregated in an area, we surveyed
that area at sunrise during spring to determine if lekking was oc-
curring. We surveyed all active and historic leks on the Cimarron
and Comanche National Grasslands, as well as leks established or
visited by translocated birds off the National Grasslands, at least
twice each spring in 2016-2019 for attendance by translocated
and native lekking males. We used known lek locations to quan-
tify the number of leks that satellite-tagged birds visited (defined
as having a satellite location within 500m of a lek) during their
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in 2016-2017, White Cow, P3, and L7 in
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85U8017 SUOLILLIOD @A 18810 3ceoljdde ayy Aq peusenob a1e ssjoie YO ‘8sn Jo e[l 1oy AriqiT8uIIUO 3|1 UO (SUONIPUCD-PUe-5LLIBY/WIOY"AB | IM A RIq 1 U1 UO//SdNL) SUORIPUOD PUe SWB | 8L 88S *[7202/£0/52] U0 Afeiq8UlUO A8]IM ‘0U0IO -BURIN JO AIsRAIUN AQ T80T '€998/200T OT/I0PAWI0D" A8 1M AReIq1jU1|UO//SCIY WO} papeoumoa ‘Z ‘¥202 ‘85LLSH0Z



BERIGAN ET AL.

dispersal movement and identify whether nesting patterns near

leks deviated from what was expected for native populations.

2.3 | Dispersal frequency and characteristics

Long-distance movements are defined in native lesser prairie-chicken
populations as movements that cause the bird to leave an area
within a 5-km radius of its home range, either temporarily or perma-
nently, as movements >5km are longer than would be expected dur-
ing typical daily activity (Earl et al., 2016; Haukos & Zavaleta, 2016).
Earl et al. (2016) further refine long-distance movements into three
categories based on whether they were unidirectional (dispersal),
connected multiple distinct home ranges that the bird used during
different portions of the year (round-trip movements), or resulted in
the bird returning to the same home range it departed from without
establishing any new home range (foray loop). As a visual inspection
of our data found no evidence of clear delineations of movements
that would support the inclusion of round-trip movements or foray
loops as categories, we categorized all long-distance movements oc-
curring post-translocation as dispersal movements. We herein de-
fine post-translocation dispersal as any movement that results in a
lesser prairie-chicken either temporarily or permanently leaving an
area within a 5-km radius of its release site.

Because we were unable to locate birds with VHF transmitters
regularly during dispersal movements, only satellite birds could be
used to delineate dispersal movements. We further subsetted our
dataset to only include those birds that underwent movements that
met the definition for a dispersal movement in the spring and sum-
mer following their release. We identified the beginning and end of
these dispersal movements using satellite locations, subsampled to
one location per day, to conduct a behavioral change point analysis
using the fitHMM function in the moveHMM package and the part-
mod.ltraj function in the adehabitatLT package in R (Calenge, 2006;
Michelot et al., 2016; R Core Team, 2023). The behavioral change
point analysis aimed to determine the point at which a dispersing
lesser prairie-chicken transitioned from a dispersing state to a set-
tled state (defined as no longer undergoing dispersal movements
for the duration of the season) based on the lesser prairie-chicken's
daily step lengths and turn angles. We limited the behavioral change
point analysis to satellite-tagged birds that survived to reach a set-
tled state, and further excluded those that did not have a clear tran-
sition between a dispersing and settled state or failed to converge
on a single behavioral change point. We used the remaining behav-
ioral change points to determine the total distance traveled, the net
distance from the release site to the settlement point, and the time
elapsed during the dispersal movement for each bird.

2.4 | Distribution of nests in relation to leks

To determine the effect of dispersal on nest locations, we monitored
the nesting effort of translocated female lesser prairie-chickens
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from 2017 to 2019. We used weekly GPS updates to determine the
nest initiation and termination dates, location, and fate of satellite-
tagged birds. We never intentionally flushed satellite-tagged birds
and checked nests only after location, and sensor data indicated that
the female had either permanently left the nest or died on the nest
(Lautenbach et al., 2019). We determined nest locations for VHF-
tagged birds by using radio telemetry to approach and visually con-
firm nest locations, monitoring nests daily using radiotelemetry from
a point ~100m away. We checked the VHF nest fate after the bird
was detected off-nest for 3days in a row or once a mortality signal
was detected. We evaluated nest locations to determine whether
dispersal after translocation caused lesser prairie-chickens to nest
further from leks than expected for native populations (i.e., within
3.2km; Boal & Haukos, 2016).

2.5 | Step selection during dispersal

We used a step selection function to measure the effects of land
cover and anthropogenic features on lesser prairie-chicken move-
ment during dispersal (Fortin et al., 2005). As each bird usually only
had one dispersal movement per day, we resampled each movement
trajectory used in the step selection analysis to a single location per
day at 1700 Central Daylight Time (CDT), reflecting a bird's desti-
nation at the end of its daily flight. Each step in the analysis was
therefore defined as a linear feature between points on two succes-
sive days. We organized the dependent variables for the step selec-
tion function into four suites: land cover at endpoint, distance from
endpoint to obstacle, land cover along the step, and obstacle cross-
ing. The land cover at endpoint category represented the land cover
type present at the endpoint of a bird's step. We delineated land
cover types using the 2018 and 2019 Cropland Data Layer (Boryan
et al., 2011) and further delineated CRP using shapefiles obtained
from the USDA Farm Service Agency reflecting CRP enrollment in
2014 (Kansas and Colorado) and 2016 (Oklahoma). The Cropland
Data Layer includes four different developed categories, differenti-
ated based on their impervious cover: open, low intensity, medium
intensity, and high intensity. Due to a low representation of steps
ending in the latter three cover types in the dataset, we lumped the
low, medium, and high intensity categories into a single category
for further analysis. We ground-truthed the locations of grassland
patches using vegetation surveys of 299 randomly selected grass-
land patches in Baca and Morton counties (Berigan et al., 2022).
Each land cover type was used as a binary predictor in the step se-
lection function, with cropland (the most predominant cover type)
used as the reference state. Five land cover types (forest, barren,
water, wetland, and developed [low, medium, and high intensities])
were used fewer than five times each among all birds and thus ex-
cluded from analysis. The non-reference cover types that were re-
tained for analysis included CRP, non-CRP grassland, shrubland, and
developed (open). The non-CRP grassland and shrubland categories
included publicly and privately owned working grasslands (i.e., regu-
larly grazed rangelands), which were primarily composed of native
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plant species (Berigan et al., 2022). We z-transformed all variables
before analysis to ensure that beta coefficients were comparable
between suites.

Variables in the distance from endpoint to obstacle category
measured the distance from the endpoint of a step to roads, electri-
cal transmission lines, and oil wells. We obtained locations of primary
roads (hereafter streets), secondary roads (hereafter highways), and
transmission lines from the U.S. Census Bureau's 2010 TIGER data-
set (U.S. Census Bureau, 2015). We obtained locations of oil wells
from the Kansas Geological Survey (2020), the Colorado Oil and Gas
Conservation Commission (2020), and the Oklahoma Corporation
Commission (2020). We filtered these locations to those oil and gas
wells that were not yet plugged, as plugging involves the removal of
well infrastructure and remediation of the site. We used a natural
logarithm to log-transform all variables in the distance from end-
point to obstacle category to normalize their distributions before
they were z-transformed.

Variables in the land cover along step category measured pro-
portional land cover along each step, using the same set of land
cover types as for the land cover at endpoint analysis. We assumed
that each 24-h step was a straight line between the start and end-
points of each step and extracted proportional land cover along each
linear step using the extract_covariates_along function in the amt
package (Signer et al., 2019). Variables in the obstacle crossing cate-
gory measured when a bird crossed a linear feature such as a street,
highway, or transmission line during a given step. Due to the rarity
of crossing large obstacles, such as highways and transmission lines,
we recorded the presence or absence of all obstacle crossings as
a binary variable, with any step with at least one obstacle crossing
recorded as 1, and any step with no obstacle crossings recorded as O.

We fit a step selection function using the dispersal movements
(defined as steps between the date of release and the date of set-
tlement in the behavioral change point analysis) of satellite-tagged
lesser prairie-chickens for which we had at least 2weeks of data
and could effectively delineate dispersal movements. We elected
to combine both sexes for the step selection function to increase
the statistical power of our analysis; sex-specific results are avail-
able in Appendix S3. Step selection functions use the distributions
of observed step lengths and turn angles, simplified into gamma
and von Mises distributions, respectively, to generate hypothetical
“available” steps in each timestep to compare to the observed “used”
step (Fortin et al., 2005). We chose to generate nine random avail-
able steps for each used step using the random_steps function in the
amt package (Signer et al., 2019). The number of steps was chosen
to provide a meaningful representation of available trajectories on
the landscape, while also using few enough steps to maintain com-
putational feasibility (Thurfjell et al., 2014). We extracted variables
from each of the four suites (land cover at endpoint, distance from
endpoint to obstacle, land cover along the step, and obstacle cross-
ing) to each used and available step. We then compared the predic-
tive capacities of each of these z-transformed variables by testing a
set of generalized linear mixed models using the glmmTMB package
(Brooks et al., 2017). We used this package to incorporate random

slopes for each individual bird following Muff et al. (2020), allow-
ing population-level inference while still accounting for differences
in selection among individuals. Each model included a variable, an
individual-specific random slope for the variable, a step-specific ran-
dom intercept, and a natural logarithm of the step length. We incor-
porated the natural logarithm of the step length to compensate for
strong selection for shorter step lengths, which were more frequent
than the occasional large step that could be simulated by the step
selection function. The null model for this analysis included both the
step-specific random intercept and the natural logarithm of the step
length to give it comparable predictive capacity to the test mod-
els. We tested each of these models with a fixed variance of 1000
for the step-specific random intercept following Muff et al. (2020).
To determine which variables were most influential in step selec-
tion, we ranked models within each suite using Akaike Information
Criteria scores, corrected for small sample sizes (AIC_; Burnham &
Anderson, 1998). The top model from each of these suites was in-
cluded in an ensemble suite, which compared the predictive capacity

of the most informative models.

3 | RESULTS
3.1 | Dispersal frequency and characteristics

During 2016-2019, 411 birds were translocated to the Cimarron
and Comanche National Grasslands, 394 of them with transmit-
ters. Of these, 115 birds were equipped with satellite transmitters,
which allowed us to examine the full dispersal movement after
release. Almost all satellite-tagged birds that survived from their
spring release dates (March 21st-April 19th) until June (n=55) initi-
ated a >5km dispersal movement after release (100% in 2018, 91%
in 2019; 96% overall). The rate of dispersal from the Comanche
National Grassland (100%) was similar to the rate of dispersal from
the Cimarron National Grassland (94%).

Further measurements of lesser prairie-chicken dispersal move-
ments (except for habitat measurements; see section 3.3) only used
a subset of data from birds that were known to have completed their
dispersal movements. Of 115 satellite-tagged lesser prairie-chickens,
we excluded 40 from consideration due to mortality or transmitter
failure prior to the end of their dispersal movements. We excluded
a further 12 birds that did not have a clear transition between a dis-
persing and settled state or failed to converge on a single behavioral
change point, leaving 62 birds available to analyze the time of dis-
persal movements, dispersal distance, duration, movement patterns,
and displacement from the release site.

Although lesser prairie-chickens were active and moving during
most daylight hours, larger dispersal movements were usually lim-
ited to two time periods. Both males and females were most likely to
undergo large dispersal movements from 0600 to 0800 CDT, which
is the timestep that includes sunrise and the majority of lekking ac-
tivity (Figure 2). The next most frequent time for dispersal move-
ments was from 1800 to 2000, when sunset occurs and there is a
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FIGURE 2 Step lengths (km) by timestep for 62 lesser prairie-chickens (Tympanuchus pallidicinctus) equipped with SAT-PTT transmitters
during their dispersal after release in southeastern Colorado and southwestern Kansas in 2018-2019. Transmitters were programmed to
take one location every 2h from 0600 to 0000 Central Daylight Time. The timestep beginning at 0600 reflects movements that take place
during morning lekking, with a less intense lekking period taking place again at sunset during the timestep beginning at 1800. Five outliers
from female birds are not displayed here: a 38-km movement originating at 1400 CDT, a 45-km movement initiating at 0800, a 57-km
movement originating at 1200, a 65-km movement originating at 0000, and a 67-km movement originating at 0800. Boxplots indicate the
median and interquartile range, while whiskers extend to the largest/smallest value within 1.5 times the interquartile range.

small increase in lekking activity. During the midday hours (1000-
1600) and the evening hours (2200-0600), most birds were either
stationary or undergoing short, non-directional movements, likely
indicating roosting and foraging, respectively.

Lesser prairie-chickens released in novel landscapes traveled
hundreds of kilometers during their dispersals following release
(length of track: female x=175km, SD=108km, range=15-474km,
n=41; male x=103km, SD=73km, range=26-279km, n=21;
Figure 3a), frequently displaying circular and occasionally recursive
movements. Visual inspection of satellite tracks showed that lesser
prairie-chickens moved independently during dispersal, exhibiting
no evidence of flocking despite being released at common locations.
Following dispersal, 69% of all released birds settled >5km from their
release site. Sites where birds ceased their dispersal movements
were frequently distant from the release site (net displacement: fe-
male x=23km, SD=20km, range=0.7-69 km, n=41; male x=13km,
SD=21km, range=0.5-64km, n=21; Figure 3b), but this distance
was usually considerably less than the total movement distance.
Dispersal movements started a few days after release (x=2.3days,
range =0-7days, n=62, excluding two dispersals post-nesting), and
were 1-2months long (female x=52days, SD =24 days, range=15-
100days, n=41; male x=46days, SD=17days, range=15-75days,
n=21; Figure 3c). Average daily step lengths were 2.50+3.36 km for
males, 4.77 +5.75km for females, and 3.75 +4.95km for both sexes.

Although males and females moved comparable distances during
their dispersal (Figure 3a), movement patterns differed between
sexes (Figure 4). Male lesser prairie-chickens usually visited (defined

as having a satellite location within 500 m of a lek) one or two known
leks during their dispersal movement (males: x=1.24 leks, SD=0.89,
range=0-3, n=21; females: x=0.66 leks, SD=0.73, range=0-2,
n=41), and then settled near one of these leks at the conclusion of
their dispersal. Females tended to encounter a smaller number of
leks during dispersal than males and settled further from the nearest
lek than males (male x=2.91km from the nearest lek, SD=4.28km,
range=0.03-14.27km, n=21; female x=8.85km from the nearest
lek, SD=8.82km, range=0-35.11km, n=41).

3.2 | Distribution of nests in relation to leks

Female dispersal to areas distant from leks resulted in an atypical
distribution of nests across the landscape. While almost all females
in a native population would be expected to nest within 3.2km of a
lek (Boal & Haukos, 2016), translocated females frequently nested
in areas with no leks nearby (distance to nearest lek: x=7.9km,
SD=8.9km, n=124; Appendix S4: Figure S3).

3.3 | Step selection during dispersal

The step selection analysis used data from a subset of individuals, for
which we had at least 2weeks of data and could effectively deline-
ate dispersal movements. Of 115 satellite-tagged birds, we excluded
22 that had <2weeks of locations prior to mortality and removed a
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™ ™ ™ ™ S estimates and low model rankings for most models in the distance
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FIGURE 4 Dispersal trajectories of male (n=20) and female
(n=42) lesser prairie-chickens (Tympanuchus pallidicinctus)
translocated to southeastern Colorado and southwestern Kansas in
2016-2019. Lesser prairie-chicken females move further from leks
(black dots) than males during dispersal.

further 18 that did not have a clear transition between a dispersing
and settled state or failed to converge on a single behavioral change
point, leaving a sample size of 75 birds and 2371 daily movement
steps for the step selection analysis. Model rankings demonstrated
that most models were better supported than the null model in pre-
dicting dispersal steps (Table 1A-E). The only models that ranked
below the null model were the three obstacle crossing models and

gas wells, which had the highest beta estimate of any covariate in the
distance from endpoint to obstacle suite, was fairly uniform within
each study area, and most used and available steps had similar dis-
tances from their endpoints to the nearest oil/gas well (Appendix S4:
Figure S4). Highways and transmission lines are uncommon in the
study area, and most used and available steps were equally unlikely

to cross a highway or transmission line (Appendix S4: Figure S5).

4 | DISCUSSION

In contrast to our prediction, we found that lesser prairie-chicken
dispersal after translocation is almost universal, with 98% of all
translocated birds that survived from their spring release date until
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used to determine the effect of land cover Suite® Model* K AAIC! Wi
and obstacles on lesser prairie-chicken A
(Tympanuchus pallidicinctus) step selection Land cover along step CRP 3 0 0.8
during dispersal after translocation to Non-CRP grassland 3 271 0.2
Morton County, Kansas and Baca County,
Colorado in 2018-2019. Shrubland 3 22.57 0
Developed (open) 3 4412 0
Log step length (null model) 2 49.61 0
B
Land cover at endpoint CRP 3 0 1
Non-CRP grassland 3 32.84 0
Shrubland 3 32.85 0
Developed (open) 3 59.23 0
Log step length (null model) 2 64.69 0
(
Obstacle crossing Log step length (null model) 2 0 0.6
Transmission line 3 2.19 0.2
Highway 3 3.28 0.11
Street 3 3.80 0.09
D
Distance from endpoint to Street 3 0 1
obstacle
Qil/gas well 3 22.58 0
Transmission line 3 35.04 0
Highway 3 44.62 0
Log step length (null model) 2 52.53 0
E
Land cover at endpoint CRP 3 0 1
Distance from endpoint to Street 3 12.16 0
obstacle
Land cover along step CRP 3 15.08 0
Obstacle crossing Log step length (null model) 2 64.69 0

Note: In addition to the eponymous variable, all models include log step length to account for bias
towards short steps. The model with only log step length functions as a null model for this analysis.
Models are ranked among each suite (Table 1A-D) and in an ensemble comparing the best model

from each suite (E).

Abbreviation: CRP, Conservation Reserve Program grasslands.

aSuites indicate groups of similar models.

PModel names indicate the land cover/obstacle type used to construct the model.

‘Number of parameters in the model.

dNumber of Akaike Information Criterion units (corrected for small sample sizes) between the top

and current model.
*Model weight.

June undergoing a dispersal movement after release. The frequency
of dispersal movements was similarly high between our two release
areas (Colorado: 100%, Kansas: 94%), despite ecological differences
between the sites. The lack of variation in dispersal between these
two release areas, which varied in habitat types and concentration
of anthropogenic features, seems to instead indicate that lesser
prairie-chicken dispersal after translocation is occurring in response
to some other intrinsic or extrinsic stimulus. Gouar et al. (2008)

suggested that animals might be dispersing after translocation
in search of conspecifics, but the presence of leks in both release
areas was unable to reduce the rate of post-translocation dispersal.
Other possible stimuli for dispersal include stress associated with
release in a new area (Berger-Tal et al., 2020), homing behaviors (Bell
et al., 2010), and exploratory movements (Kemink & Kesler, 2013).
Kemink and Kesler (2013) ascribed exploratory behaviors to trans-
located greater prairie-chickens (Tympanuchus cupido) based on
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FIGURE 5 Beta estimates with 95% confidence intervals for all variables used as covariates in a step selection function (Fortin

et al., 2005) used to determine how lesser prairie-chickens (Tympanuchus pallidicinctus) select for landscape features during dispersal after
release in southeastern Colorado and southwestern Kansas in 2016-2019. Beta estimates are extracted from single-variable models with
z-scaled covariates. Positive estimates demonstrate selection for a variable, while negative estimates demonstrate avoidance. Note that
selection for covariates in the “distance from endpoint to obstacle” category constitutes avoidance of the appropriate obstacle; for example,
lesser prairie-chickens select for steps whose endpoints are far from oil wells. Asterisks mark the most informative model in each suite, as
determined using the Akaike Information Criterion (corrected for small sample sizes). The absence of an asterisk in a suite indicates that the

null model was the most informative model.

looping patterns observed in their dispersal movements. Similar
looping patterns (Figure 4) suggest that exploratory behaviors are
likely at least a partial motivator for the dispersal movements ob-
served in our study.

Our findings support the hypothesis that lesser prairie-chickens
utilize grasslands during their dispersal movements, particularly
supporting the role of CRP grassland in the Sand Sagebrush Prairie
Ecoregion. CRP grassland is known to frequently contain habitat for
lesser prairie-chickens, especially during nesting and roosting, and
provides important benefits for lesser prairie-chicken persistence at
a landscape scale (Hagen et al., 2020; Sullins et al., 2018; Tanner
et al.,, 2021). Translocated lesser prairie-chickens tended to make
a single long-distance movement per day, primarily at sunrise but
also occasionally at sunset. During these movements, lesser prairie-
chickens selected for CRP grassland at the end of their dispersal steps
and, contrary to our predictions, were tolerant of crossing obstacles
such as transmission lines, streets, and highways as long as their end
destination was distant from these obstacles. These results suggest a
“stepping stone” method of transit for lesser prairie-chickens during

dispersal, where lesser prairie-chickens make a single dispersal flight
per day and then settle in patches of CRP grassland at the conclusion
of these flights. The cover types that lesser prairie-chickens cross
during these flights have some relevance to their transit (CRP grass-
land along step, AAIC_=15.08), but the presence of CRP at the end
of the step was the most important factor of lesser prairie-chicken
habitat selection during dispersal.

In contrast to their selection for CRP at the end of their disper-
sal steps, lesser prairie-chickens did not select for native grassland
during their dispersal movements. This is likely due to a lack of lesser
prairie-chicken habitat on native grassland in the Sand Sagebrush
Prairie Ecoregion. Analysis of vegetation measurements from the
Cimarron and Comanche National Grasslands as well as native
rangelands suggests that native grasslands are not currently provid-
ing resources for lesser prairie-chicken occupancy, including vegeta-
tion cover and appropriate plant communities (Berigan et al., 2022).
Outside of our study area, however, native grassland does provide
vegetation cover and plant communities amenable to lesser prairie-
chicken occupancy (Short-Grass Prairie/CRP Mosaic Ecoregion,
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Kraft, 2016; Mixed-Grass Prairie Ecoregion, Lautenbach, 2017; Sand
Shinnery Oak Prairie Ecoregion, Schilder et al., 2022). It is likely that
heterogenous lesser prairie-chicken habitats, including both CRP
and native grassland, can facilitate lesser prairie-chicken dispersal
movements provided that the grasslands have appropriate vegeta-
tion composition and structure for lesser prairie-chicken occupancy
(habitat requirements detailed in Hagen et al., 2004; Haukos &
Zavaleta, 2016).

Our results demonstrate that patches of lesser prairie-chicken
habitat separated by 5km or less should be accessible during a
female lesser prairie-chicken's average daily dispersal movement,
and therefore facilitate female dispersal across the landscape.
Populations inhabiting habitat patches that are connected by dis-
persal pathways may be more likely to persist through stochastic
events (Rudnick et al.,, 2012). Extended droughts, for example,
can cause local extinctions for lesser prairie-chickens (Hagen
et al., 2009; Ross et al., 2016b); landscape connectivity can facil-
itate recolonization of vacated patches when conditions improve
(Garton et al., 2016). Our results suggest that landscape connec-
tivity for lesser prairie-chickens can be facilitated by strategi-
cally restoring/conserving quality habitat (e.g., CRP) to ensure a
landscape configuration that connects populations or facilitates
colonization of unoccupied, available habitat. While considerable
variation in daily dispersal length (3.75 + 4.95 km) shows that lesser
prairie-chickens have the ability to cross gaps between grassland
patches, lesser prairie-chicken dispersal connectivity may be op-
timized by ensuring that quality grassland patches are accessible
at the end of their daily dispersal steps. Strategically conserving
grassland habitat to ensure connectivity across landscapes will
provide the opportunity for lesser prairie-chickens to recolonize
patches following local extinctions, therefore increasing the likeli-
hood of lesser prairie-chicken population persistence and increas-
ing the availability of resources.

Dispersal movements that occur after lesser prairie-chicken
translocations have implications for the success of translocation
efforts due to both direct lesser prairie-chicken mortality and the
diffusion of birds throughout the landscape. During our study, we
observed lesser prairie-chicken dispersal movements averaging
103+ 73km in length for males and 175+108km in length for fe-
males following translocation. Observed movements were >5 times
longer than those measured in native populations (Earl et al., 2016)
and likely contributed to mortality for translocated birds. Of all
released birds, 13.1% died (n=54) and 9.7% went missing (n=40)
within the first 2weeks after release, indicating potentially substan-
tial mortality associated with the act of translocation, adjustment
to the new environment, and dispersal movement after transloca-
tion (Teige et al., 2023). High initial mortality rates are not unprec-
edented among prairie grouse translocations; Mathews et al. (2022)
found similar rates of mortality (0.992 daily survival) within the first
40days after Columbian sharp-tailed grouse (Tympanuchus pha-
sianellus columbianus) translocation.

At the end of their dispersal movements, translocated lesser
prairie-chickens settled at appreciable distances from their release
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sites (males: 13+21km, range=0.5-64km; females: 23+20km,
range=0.7-69 km), with 69% of birds settling >5km from the release
site. Males formed a series of small leks averaging 39.2km+2 (SE;
range=0.0-77.0km) from the nearest release site (maximum of 21
leks averaging 5.8 birds each in 2020; Teige et al., 2023). Although
most long-distance movements from both sexes occurred at sunrise,
when lekking activity is strongest, the presence of leks did not ap-
pear to influence female selection during their dispersal movements.
Females frequently settled in areas relatively distant from the near-
est known lek (8.85+8.82km) and nested in areas that were simi-
larly distant from leks (7.9 +8.9 km).

In circumstances where translocated animals undergo high rates
of dispersal away from the release site, managers typically attempt
to compensate by either (1) reducing dispersal rates, (2) translocat-
ing more individuals to compensate for high dispersal rates, or (3)
choosing release sites that are less prone to dispersal (Armstrong
et al., 2013). Prairie and sage grouse translocations have often fo-
cused on reducing dispersal rates using techniques such as brood
translocation, which can result in lower dispersal propensity in
exchange for a much higher cost per bird translocated (Huschle &
Toepfer, 2020; Meyerpeter et al., 2021). While such a technique
may be feasible for lesser prairie-chickens, the larger cost asso-
ciated with such an effort would necessitate translocating small
numbers of individuals, which has traditionally been a risk factor
for failure of prairie grouse translocations (Snyder et al., 1999). In
lieu of a technique that can effectively reduce dispersal propensity
at a reasonable cost, we suggest that lesser prairie-chicken translo-
cation should not focus on single-site restoration or management.
Richardson et al. (2015) suggest that translocations of species with
a high dispersal propensity should instead select release sites based
on landscape-scale suitability for species reintroduction, with the
expectation that animals will disperse away from the release site
and settle in nearby areas. We posit that lesser prairie-chicken
translocation efforts should also focus on landscape-scale habitat
suitability, with the understanding that translocation acts as an
ecoregion-supplementation effort rather than a site-specific resto-
ration technique.

Diffusion of birds across the landscape resulted in issues with
small population effects in the years following the translocation,
with 122 males at 21 active leks in 2020 declining to 48 males at 10
active leks by 2022 (Teige et al., 2023). A small established popula-
tion size following translocation could result in reintroduction failure
in newly introduced populations due to Allee effects (Armstrong &
Wittmer, 2011) or stochastic population fluctuations (Shaffer, 1981).
The sheer number of birds released (411 birds in 2016-2019) was in-
tended to serve as some insulation against small population effects
for our translocation; however, widespread dispersal throughout the
release area largely negated this effect. In addition to translocation
serving as a regional population supplementation tool rather than
a single-site restoration technique, translocations will require large
numbers of birds to overcome the high post-translocation mortality
and Allee effects associated with the dispersal of translocated birds
across the landscape.
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