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Abstract

Efforts to restore habitats and conserve wildlife species face many challenges that are exac-
erbated by limited funding and resources. Habitat restoration actions are often conducted
across a range of habitat conditions, with limited information available to predict poten-
tial outcomes among local sites and identify those that may lead to the greatest returns on
investment. Using the Gunnison sage-grouse (Centrocercus minimus) as a case study, we
leveraged existing resource selection function models to identify areas of high restoration
potential across landscapes with variable habitat conditions and habitat-use responses. We
also tested how this information could be used to improve restoration planning. We simu-
lated change in model covariates across crucial habitats for a suite of restoration actions
to generate heatmaps of relative habitat suitability improvement potential, then assessed
the degree to which use of these heatmaps to guide placement of restoration actions could
improve suitability outcomes. We also simulated new or worsening plant invasions and
projected the resulting loss or degradation of habitats across space. We found substantial
spatial variation in projected changes to habitat suitability and new habitat created, both
across and among crucial habitats. Use of our heatmaps to target placement of restoration
actions improved habitat suitability nearly fourfold and increased new habitat created more
than 15-fold, compared to placements unguided by heatmaps. Our decision-support prod-
ucts identified areas of high restoration potential across landscapes with variable habitat
conditions and habitat-use responses. We demonstrate their utility for strategic targeting of
habitat restoration actions, facilitating optimal allocation of limited management resources
to benefit species of conservation concern.
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Introduction

Habitat loss and degradation are leading drivers of global species declines and are fore-
casted to intensify given future human land-use and climate change projections (Visconti
et al. 2016; Johnson et al. 2017; Powers and Jetz 2019). Effective species conservation
increasingly relies on habitat restoration to reverse these declines and prevent extinc-
tions (Shackelford et al. 2013; Jones et al. 2018). Efforts to restore degraded habitats can
increase species’ use, improve demography, and contribute to viable and persistent pop-
ulations (Borgmann and Conway 2015), but these efforts face a multitude of logistical,
academic, and economic challenges (Scott et al. 2010; Collier and Johnson 2015). Some
examples of such challenges include the inadequacy of decision-making resources (Ortega-
Argueta et al. 2017) at suitable spatial and temporal resolutions, barriers to practical use of
available conservation products or tools (Guisan et al. 2013), and uncertainty imposed by a
changing world (Van Horne and Wiens 2015). These problems are exacerbated by limited
funding and resources (Jacobsen et al. 2007; Dayer et al. 2016; Hare et al. 2019) and an
often-urgent need for interventions to prevent extinction of vulnerable species (Legge et al.
2021; Mason et al. 2021). Both of these further complicate the dilemma of determining
where valuable restoration resources should be optimally deployed to stem or reverse spe-
cies losses.

Habitat restoration actions (i.e., treatments) are often focused in areas that are accessible
to, and either currently or formerly used by wildlife (Scott et al. 2001). However, the selec-
tion and use of habitats by animals within these areas (including restoration sites) can vary
substantially. Habitat-use relationships are complex, and species respond to multiple habi-
tat features (Manly et al. 2002). This means that different restoration sites formerly used
by a species may not provide equivalent returns on investment, even for the same habitat
restoration actions. Restoration planning efforts that do not consider the potential for spa-
tial variation in realized benefits to species (e.g., improvements in habitat suitability) risk
the inefficient use of valuable management funding and resources. By contrast, strategic
planning that targets actions in areas that are expected to provide the greatest benefits for
species may help maximize efficiency (Arkle et al. 2014). However, this requires an under-
standing of how species use resources across landscapes (Boyce 2006; McGarigal et al.
2016; Marini et al. 2019; Northrup et al. 2021) and consideration of local variation in habi-
tats and habitat-use relationships among populations (Shirk et al. 2014; Saher et al. 2022).

Resource selection functions (RSFs) are widely used to quantify habitat suitability
across space for wildlife species and provide valuable information that can direct habi-
tat management for species of conservation concern (Avgar et al. 2017; Shoemaker
et al. 2018; Northrup et al. 2021). Resource selection functions characterize the rela-
tive probability of selection across space, based on locations of known use (compared
to those available) and the underlying resource conditions on the landscape (Boyce
and McDonald 1999; Manly et al. 2002; Johnson et al. 2006). They can additionally
be mapped to increase usability of the results (Morris et al. 2016). Recent applica-
tions of RSFs have enhanced our understanding of species-habitat relationships and
helped guide strategic management of wildlife populations and their habitats. Models
that are developed for specific geographic locations (e.g., populations or sub-popula-
tions), rather than an entire species range, can consider unique habitat-use relation-
ships at those sites. Such RSFs may be of great value for strategic restoration planning
because they allow differentiation between seemingly similar sites and bring clarity
to expected returns on habitat management investments, an important consideration
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when populations differ in selection response to variable habitat characteristics (e.g.,
Shirk et al. 2014; Saher et al. 2022). While the resulting suitability layers can be used
to identify candidate sites for habitat restoration action, they stop short of indicating
where limited restoration resources might be best allocated across the landscape. This
information may be critical in cases where immediate, targeted actions are required to
stem population declines.

The Gunnison sage-grouse (Centrocercus minimus, hereafter GUSG) is currently
listed as threatened under the United States Endangered Species Act (1973; USFWS
2014). The species has experienced substantial and continuing declines in range-wide
abundance and distribution (Schroeder et al. 2004), primarily due to loss and degra-
dation of habitat (U.S. Fish and Wildlife Service [USFWS] 2019, 2020a) and is now
restricted to eight populations in southwestern Colorado and eastern Utah that span six
ecoregions with varying habitat characteristics (USFWS 2019). The Gunnison, and the
closely related greater sage-grouse (Centrocercus urophasianus), are sagebrush obli-
gate species that depend upon large areas of contiguous sagebrush habitats year-round
(Connelly et al. 2011; Wisdom et al. 2011; Young et al. 2020), as well as sufficient
native herbaceous cover and mesic habitats important for nesting and brood-rearing
(Connelly et al. 2000a, 2011; Donnelly et al. 2016, 2018). They face a multitude of
known and persistent threats, including invasive plants that alter fire regimes, conifer
expansion into sagebrush habitats, human development and infrastructure, improper
grazing practices, and alteration of habitats by climate change (Remington et al. 2021;
USFWS 2014).

Resource selection functions have been a focus of recent efforts to help support
sage-grouse conservation by advancing scientific knowledge of habitat suitability and
important environmental variables associated with habitat use (Aldridge et al. 2012;
Coates et al. 2016; Walker et al. 2016; Heinrichs et al. 2017; Doherty et al. 2018;
Brussee et al. 2022) and have been used to directly inform management of the greater
sage-grouse (e.g., Doherty et al. 2016; LeBeau et al. 2017; Ricca et al. 2018; Smith
et al. 2019). However, similar applications have not yet been developed to improve
habitats for the GUSG. Two recent publications, Saher et al. (2022) and Apa et al.
(2021), produced RSF maps identifying important habitat requirements for GUSG, and
quantifying seasonal suitability across crucial habitats. While these mapping efforts
provided critical insights into population-specific habitat characteristics of impor-
tance and spatial variation in habitat suitability, they did not indicate where restoration
actions could be prioritized across the landscape. We sought to fill this knowledge gap
for GUSG, thereby facilitating more optimal placements of habitat restoration actions
to maximize returns on management investment given limited funding and resources.

We used existing RSFs for GUSG to assess spatial variability in habitat responses to
specific restoration actions and assess where those actions might be best applied on the
landscape to increase effectiveness of local management plans for recovery of the spe-
cies. Specifically, 1) we generated heatmaps of improvement potential for commonly
used, local-scale land management actions across crucial habitats within the remaining
Colorado satellite populations and 2) assessed their potential for improving manage-
ment outcomes by simulating decisions on placement of habitat restoration actions,
made with and without the heatmaps, and comparing the resulting improvements in
habitat suitability. We demonstrate the utility of this approach to aid strategic habitat
restoration planning and discuss broader applications of this approach to other species
and ecological systems.
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Methods

Study area

Our study focused on the six GUSG satellite populations in southwest Colorado: Craw-
ford, Cerro Summit-Cimarron-Sims Mesa (CCS), Pifion Mesa, Poncha Pass, San Miguel,
and Dove Creek (Fig. 1). As of 2019, each of these populations were declining or already
below conservation targets (GUSG Rangewide Steering Committee [GSGRSC] 2005)
with an estimate of <5000 birds remaining range wide (with 2019’s 3-year estimates for
the Gunnison Basin population at 3787 birds, and 554 birds across the satellites; USFWS
2019, 2020a). The 2020 USFWS Final Recovery Plan (FRP; USFWS 2020a) and Recov-
ery and Implementation Strategy (RIS; USFWS 2020b) outline steps needed to improve
species viability in the long-term, based on concepts of resiliency, redundancy, and rep-
resentation (i.e., the 3Rs; USFWS 2016, Smith et al. 2018). While the Gunnison Basin
population largely satisfies the resiliency requirement due to its relative size and stability
(USFWS 2019), considerable concern surrounds the persistence of the satellite populations
(Saher et al. 2022), which are critical to maintaining redundancy and representation, and
may provide significant adaptive capacity to future environmental change (USFWS 2019).
In addition to highlighting the importance of conserving remaining habitats within these
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Fig. 1 Distribution of the six Gunnison sage-grouse (Centrocercus minimus) satellite populations in south-
western Colorado, USA. Dark-shaded, color polygons represent crucial breeding patch habitat extents
(Saher et al. 2022; the focus of this study), and lighter shades represent the U.S. Fish and Wildlife Service’s
currently recognized range for each population (USFWS 2020b), for spatial context. The Gunnison Basin
core population (Colorado) and Monticello satellite population (Utah; gray polygons) were not part of this
study but included here for reference. Map image is the intellectual property of Esri and is used herein
under license. Copyright © 2022 Esri and its licensors. All rights reserved
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populations, the FRP and RIS also invoke restoration of habitats as critical to improving
habitat quantity and quality across the species’ range, underscoring the importance of such
actions. We did not include the Gunnison Basin core population or the Monticello satellite
population in Utah in our analysis because reference RSF models (see below) were not
available for these populations. See the Supplemental for additional details on the study
area.

Leveraging existing resource selection function models

As the spatial scale of habitat selection responses can be influential, we chose a previ-
ously developed suite of RSF models (Saher et al. 2022; hereafter “reference models™) that
characterize GUSG habitat selection responses at multiple scales based on contemporary
vegetation spatial products (Rigge et al. 2020). We used these empirically driven, season-
specific models and inputs to assess the habitat improvement potential (or degradation) for
specific habitat actions aimed at improving habitat conditions for the six remaining GUSG
satellite populations in Colorado. All modifications of spatial data layers and model runs
were conducted using ArcGIS® Pro [v.2.8.0, 2021 Esri Inc.]. We restricted our analysis
to crucial habitats (Fig. 1) defined by the corresponding “patch-scale” models of Saher
et al. (2022; representing 95% of currently utilized habitats) because this best represented
the spatial scale at which most land-management actions are applied (e.g., pinyon-juniper
removal, invasive weed control, sagebrush seeding/planting, restoration of mesic habitats,
etc.).

The reference models generated by Saher et al. (2022) used the exponential form of
an RSF (Manly et al. 2002), but their sum of linear responses could not be exponentiated
when generating mapped predictions because some locations had incalculably large values,
so they simply mapped the linear predictor and scaled between 01, to visualize the habitat
suitability predictions. The linear formula by itself does not directly reflect a true prob-
ability of selection (i.e., compared to a Resource Selection Probability Function [RSPF]
estimated using logistic regression) and, thus, is a relative function related to the true prob-
ability of selection (Manly et al. 2002). For this reason, we transformed the RSF suitability
indices into ranks based on the number of habitat use locations that were observed at or
below that RSF value. This was similar to a percentile, but rather than 100 bins the num-
ber of bins was determined by the number of use locations (that differed for each satellite
population and model). For each RSF map, we extracted the RSF values at habitat use
locations used in that model, and calculated the proportion of observations that were less
than or equal to the RSF value (Range 0-1). This resulted in each model having its own
unique classification, where the RSF values at each use location were assigned 0-1 per-
centile ranks (see the supplemental for table examples). Each model’s RSF surface was
then reclassified using this table as a series of thresholds for binned ranks. Following Saher
et al. (2022), we defined “habitat” as those pixels with habitat suitability ranks exceeding
the value that captured 95% of use locations in the reference models; those falling below
were considered “non-habitat”. The resulting map suitability values (MapRSF) for habi-
tats ranged >0.00 to 0.95, with smaller values indicating higher ranked habitats (i.e., if
there were 100 observations, all mapped RSF values between the 2nd-greatest estimated
use location and greatest estimated use location would receive a rank of 0.02). The differ-
ence in suitability scores between the reference and modified maps represents the change
in value based on binned percentiles for habitat use locations (< 1% increments). Change
in habitat suitability could therefore respond non-linearly to change in RSF values, with
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the steepest increases in suitability occurring where smaller increasing RSF values caused
greater increases in the number of use locations captured.

Mapping effects of single management actions on habitat suitability

We categorized each covariate in the reference models as having a positive or negative
relationship to habitat suitability and determined whether that relationship was linear or
quadratic based on marginal effects predictions from Saher et al. (2022). Covariates gener-
ally summarized spatial layers representing habitat conditions over moving window buffer
radius or distance decay scales ranging 45 m to 570 m (Saher et al. 2022). For most habi-
tat variables, we only assessed breeding season models because summer reference models
were unavailable for all satellite populations; however, when available (i.e., for all satellite
populations except Dove Creek), we also assessed summer models. These seasonal com-
parisons of mesic improvements are valuable to consider because of their critical impor-
tance in the summer when broods depend on these habitats for food and cover.

We simulated changes in habitat characteristics that were expected to result from habi-
tat restoration actions (e.g., an increase in sagebrush percent cover resulting from seeding
or planting sagebrush) by modifying values in the original 30-m x30-m geospatial input
layers (i.e., pre-moving window) used in the reference models, within a 1-km buffer of
each population’s spatial extent. We only evaluated management actions that could (1)
improve habitat suitability for GUSG in the satellite populations based on these relation-
ships (see Connelly et al. 2011; Wisdom et al. 2011; Aldridge et al. 2012; Knick et al.
2013; Young et al. 2020; Walker et al. 2016), and (2) be reasonably modified using current
on-the-ground management actions to improve GUSG habitats (e.g., those employed by
the BLM, Table 1). Additional details on covariate modifications can be found in the Sup-
plemental. After generating the modified input layers that simulated management action
outcomes across the landscape for each satellite population, we recalculated all moving
window and decay function values, substituted them one-at-a-time into the reference model
equations (Supplemental Table S1), and reran the models using the ArcPy package in Arc-
GIS® Pro to generate a comparative RSF layer for each action. For models that included
multiple covariates calculated from the same original geospatial input layer (e.g., percent
mesic cover [moving window] and distance to mesic [decay function] in Dove Creek), we
substituted both covariates simultaneously. To generate our final RSF map, we reclassified
each model output from the linear RSF into percentile bins of habitat use locations, using
the reclassification table derived from the original RSF model.

Mapping effects of paired management actions on habitat suitability

Management agencies may apply multiple actions that overlap across space into their man-
agement strategies for improving GUSG habitats. We extended our single-covariate breed-
ing season assessments by creating maps representing combined actions to investigate the
potential to further improve suitability (e.g., increasing sagebrush cover plus annual her-
baceous removal). We used the same methodologies as with single covariates above but
instead substituted pairs of modified covariates that spatially coincided with the reference
models. We simulated only a subset of possible paired actions to demonstrate how habitat
improvement heatmaps can further inform strategic management planning, selecting pairs
likely to result in the greatest improvements to habitat suitability based on single action
heatmaps.
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Mapping effects of new or worsening plant invasions on habitat suitability

Prioritizing monitoring efforts for invasive species can lead to more effective manage-
ment of invasions (Tarbox et al. 2022). To identify where habitats might be most sen-
sitive to increases in invasive plant cover, and therefore where monitoring and rapid
response might be most valuable, we created an additional set of heatmaps that simu-
lated new or worsening annual herbaceous and pinyon-juniper invasions. Our annual
herbaceous heatmaps increased, rather than decreased, the raw covariate percent cover
values by 1 standard deviation (SD) of the values in the buffered crucial habitat extents.
To simulate new or worsening pinyon-juniper encroachment (represented by binary
presence/absence raw layers of < 5% or 5-10% encroachment), we increased the moving
window inputs by 1 SD of the buffered extent. We capped values in the modified layers
at 100% cover to remain within logical bounds.

Calculating change in habitat suitability

We calculated change in habitat suitability using the ArcPy package in ArcGIS® Pro as:
Change in habitat suitability = —1 % (MapRSF gisica = MapRSF yferonce ) (1

We created two sets of heatmaps for each habitat action scenario to serve as deci-
sion-support tools for habitat restoration planning. We first generated uncategorized
maps using values generated by Eq. 1. We then produced final, categorized maps, using
nested conditional statements to identify areas where new habitat was created (i.e., that
transitioned from non-habitat to habitat) and areas that remained non-habitat despite
simulated management interventions. Some model covariates (e.g., percent mesic cover,
mean sagebrush height) had a positive but quadratic (decreasing) relationship to suit-
ability, meaning habitat improvement actions would be beneficial, but only to a point.
Beyond this threshold, further increases in the variable are expected to be reduce habitat
use. For this reason, we visualized resulting negative impacts on habitat suitability in
our heatmaps because we expected very high proportions of these habitat characteristics
to be detrimental to GUSG.

Assessing the utility of our heatmaps for improving management strategies

To gauge how using our habitat improvement heatmaps could improve returns on restora-
tion investments, we simulated habitat improvement actions guided by our heatmaps and
compared outcomes to those not guided by these maps. We employed an independent tech-
nician, without prior knowledge of our heatmap predictions or the reference models, to
develop two sets of hypothetical treatment locations: non-targeted scenarios based on past
BLM treatment data and targeted scenarios that used our heatmaps to inform placement
of treatments (see the Supplemental for detailed methods) to maximize habitat suitability
improvement outcomes for GUSG (Table 2). We assessed three types of actions for which
sufficient management records or planning data existed: reduction of non-sagebrush shrub
cover, pinyon-juniper removal, and mesic improvements. We limited the simulated reduc-
tion of non-sagebrush shrub cover to within San Miguel because this was the only satellite

@ Springer



Biodiversity and Conservation

'l 'ty LET Ly £eCs SLO 6'vC — 1€900°0 pojesie],
syuow
ye'e 80LE 6€800°0  PawsIel-uoN  -oroxduir orsouwr
gece 6'vele 171 STl recl 00¥1 9°66C1 L1200°0 pajsIe],
700 (97 S1000°0  PpesIeI-uoN  [eaowar Ofduod
££°08 £eeoy 98l 06'1 14014 0€cC 1'oct 90800°0 pajesre],
$0°0 w 07900°0 — P193IeI-UON uononpar ssud [onSIA ues
P81 6'¢8 00 S0'0 LS 96°0 9'¢€ — LIT00'0 pojeSre],
sjuow
€00 1€ 721000  paesIel-uoN  -oaoxdwur o1sow ssed eyouOq
06°G1 L6811 8L°0 €80 (449 0cy Lece ¥$+#00°0 pajesre],
sjuow
SO0 ]G 90100°0 pajediey-uoN  -oaoxdwr orsow
179 (U829 LEE 00¥ (4444 14474 6°Eve 896200 pajsIe],
90 £69 699000  Ppawsel-uoN  [eaowsar o[ fduoo BSOIA UoUId
Ly'C 8911 808€00 pojedire],
(SOD) BN
SWIS-UOLIBWI))
Passassy JON €4S10°0  poeSie)-uoN  [eaowar 4{duoo -JIUIINg 01130
81'C €811 LO'T L6'1 ¥61¢C 8¢'C V'8¢l 6L910°0 pajesre],
060 5001 $0L00°0  PR3IeI-uoN  [eaowdl lduod pIiojmer))
(p91931e)-UOU WOL]) (poja31e)-Uuou WOL])
10108) 10108
juowr (%) jusur (%) a3ueyd
-anoxdwr a3ueyo JuId, Wy Ul 9seaIou wy  S[EXI] W~ -oroxdux a3 urYDd JUIIID, 9)09foxd ueo
1 Ll d ey ul I WY S[eXId W-0¢ I Ll d  Ppajoal N wonor won
PajeaId JBIIqRy MIN Anpiqeimns yeyqey ut auey)  2dA) uonoy juowaSeuey  -e[ndod r[AIRS

ope10[0)) uIIsamyInos ur suonerndod a1[ares
(Snunuiu Sn24220.43u27)) ISNOIZ-9TES UOSTUUNLD) AT JOJ SIWOINO UOTOE JuswaSeurw Jejiqey oyroads-opowr pajasre) Afeneds snsioa pajasre)-uou jo uostredwo) g 3jqel

pringer

a's



Biodiversity and Conservation

PIOQ UI UMOYS SOUWIOJINO 9ATR3AU U)IM JUI[aseq PajoSie)-uou ay) o) paredwiod are suonoe pajagie] oy sawod)no juswaaordwy “Apmys siy) Aq pajerouad
sdeunjeay pazr1039)ed oY) Aq pawIojur A[euonippe juswade[d dje[nuwils suonde paadiny pue ‘adedspue] oY) uo syuswiear) ooe[d APUarINd sanUL JuswaFeurw Moy Judsaidar
SUOT)OR Pajasivi-uoN *(syuswaaoidur o1Saur) sJe)Iqey JISIUW DI0)SAI JO 9JLAID 0) SUOHB[[BISUT IAYJO IO SWIEP JO0I JO UONONNSUod pue ‘(uononpai ssud [17aquins snouangy] yeQ
[oquen) Io [prjofiupp 421younjauty] A11QIJIAIDS “3°9) J9A0d qNIUs Ysniqages-uou juadrad Suronpar ‘(A[oanoadsar ‘reaowar ()1 [duod 1o $[duos) 10a05 rodmunf-uokurd %01-¢
10 %G >JO [eAOWNal :suonoe juewaSeuew dyroads-uonendod aifaes 1yYS1o Jo yoes Joj UONERAId Je)Iqey MAU PUB (S[OPOW UOTOUNJ UONIJ[AS IIN0SAI dOUIRJRI (7Z0T) Te 10
IoyeS 9y} WOIJ SANJBA UO Paskq SPOOYI[AYI] UOTDA[As Jejiqey jo dmuadrad ur o3ueyd oy) se paynuenb) Liqesns jejiqey Suipeaiq ur a3ueyd pojosford ueow pojeSnsoAur ap

LL'ST SLLYT 6€°1 0re

Lo

9€€T S6'c 0°66¢

L6L

SECT00

000

UBQJA] PAaSIe],

UBSN
Ppa3agiey-uoN

(p91e31e)-Uou WOIL])

10108
yuow %)
-onordwy  OFuRYD UGN LU UL ASBAIOU] W S[OXI] W-0F

(poyeSIe)-uou WoxL)

10)08]
juow (%) o3ueyd
-oroxdw]  oSueyojueddg  pejoolord ueopy

PaIBaId JBIIqRY MON

Avriqeans Jeyqey ur a5uey)

adKy uonoy

uoroe uon
juowadeuey  -e[ndod Ar[eIes

(ponunuod) zsjqer

pringer

Qs



Biodiversity and Conservation

population where models indicated removal could have a beneficial impact on suitability at
local sites.

To simulate areas with mesic improvement potential within the satellite populations, we
used a stream reach valley bottom polygon layer developed by The Nature Conservancy
(Nagel et al. 2014, Data contact Teresa Chapman); see Supplemental for details). We used
these pre-defined polygons to generate our set of non-targeted mesic action polygons by
selecting the ten largest stream segments that did not overlap areas of substantial exist-
ing mesic, water, wetland, or agriculture cover, based on the reference map covariate lay-
ers used in the reference models. We then used our heatmaps to inform selection of our
targeted polygon set, again with the aim of maximizing habitat suitability outcomes by
improving the availability of mesic habitat resources for GUSG.

We used the resulting restoration action polygon sets to simulate changes on the land-
scape following realistic habitat restoration actions, this time only modifying the covari-
ate values within the treatment polygons (rather than the entire landscape). We mapped
improvements and calculated improvement metrics two ways for each set, including: (1)
the overall projected improvement in habitat suitability across the patches, and (2) the total
projected area of new habitat created, calculating for each the percent gain of the targeted
action polygon sets over the corresponding non-targeted sets.

Results
Overall trends

We observed considerable spatial variability in projected change in habitat suitability
values across the crucial breeding season habitats for most habitat restoration action sce-
narios, as well as large differences in the magnitude of change among many action types.
Our categorized maps for the Crawford, Pifion Mesa, Poncha Pass, and San Miguel satel-
lite populations [Figs. 2, 3, 4, 5 (also see Supplemental Fig. S1)] highlight areas where
32 simulated management actions had maximal or minimal projected benefits for improv-
ing breeding and summer habitat suitability. They illustrate areas where: (1) new habitat
could be created, (2) existing habitat could be improved, or (3) areas were likely to remain
non-habitat despite management interventions. Results for the CCS and Dove Creek satel-
lite populations involved numerous modeling and interpretation caveats and are reported
exclusively in the Supplemental (Figs. S2—-S4). Uncategorized RSF percentile change maps
show calculated values from Eq. 1 for each 30-m? pixel for each satellite population (Sup-
plemental Figs. S5-S8).

Several notable trends were seen in responses to habitat actions across multiple satel-
lite populations. Increasing sagebrush cover and height, litter cover, and herbaceous cover
generally resulted in widespread improvements in habitat suitability (Figs. 2f, 3a, f, and
Se, h [also see Supplemental Figs. S3f, and S4b]). Paired management actions resulted in
greater improvements for all satellite populations compared to single actions (Figs. 2g, 3h,
and 4g [also see Supplemental Fig. Sla, S2d, and S3g]), and increased the overall area of
new habitat that could be created by an average of 30.1% compared to the next best single
action.

Removal of annual herbaceous grasses generally resulted in large improvements in habi-
tat suitability but with variable outcomes among satellite populations (Figs. 2a, 4f, and 5a
[also see Supplemental Fig. S3a S4a]). New or worsening annual herbaceous invasions
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Fig.2 Categorized heatmaps showing projected change in habitat suitability resulting from habitat resto-
ration actions (or pairs of actions) in the Crawford satellite population of Gunnison sage-grouse (Centro-
cercus minimus). Change in suitability values were quantified as the change in binned percentile from the
reference resource selection function (Saher et al. 2022) maps to the modified maps, based on habitat use
locations from the Saher et al. (2022) models. The heatmaps show change in suitability for each 30-m?
pixel, except for areas where (1) new habitat was projected to be created, (2) non-habitat was projected to
remain non-habitat despite intervention, or (3) negative impacts to suitability were projected to occur. Habi-
tat was defined as those pixels with habitat suitability ranks exceeding the value that captured 95% of use
locations in the Saher et al. (2022) reference models. All heatmaps represent changes for crucial habitats in
the breeding season, except for a single summer-season action (mesic improvements)

(simulated by increasing covariate values within the buffered extents) eliminated nearly all
existing habitats (i.e., habitats that transitioned to non-habitat) within crucial habitat extents
(Fig. 6a, b), except for San Miguel (Fig. 6¢) where cheatgrass (Bromus tectorum, a perva-
sive and non-native annual herbaceous grass) cover was already relatively substantial in cru-
cial habitats. Pinyon-juniper removal also resulted in large gains in suitability across varying
extents [Figs. 2b, 3b (also see Supplemental Fig. S3b)], except for San Miguel where exist-
ing pinyon-juniper cover was relatively limited within the crucial habitats (Fig. 5b). New or
worsening pinyon-juniper encroachment showed considerable spatial variation in potential
impacts (Figs. 7a—c). These patterns appear to be relative to the magnitude of current invasion
or encroachment within each satellite population.
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Fig.3 Categorized heatmaps showing projected change in habitat suitability resulting from habitat restora-
tion actions (or pairs of actions) in the Piflon Mesa satellite population of Gunnison sage-grouse (Centro-
cercus minimus). Change in suitability values were quantified as the change in binned percentile from the
reference resource selection function (Saher et al. 2022) maps to the modified maps, based on habitat use
locations from the Saher et al. (2022) models. The heatmaps show change in suitability for each 30-m?
pixel, except for areas where (1) new habitat was projected to be created, (2) non-habitat was projected to
remain non-habitat despite intervention, or (3) negative impacts to suitability were projected to occur. Habi-
tat was defined as those pixels with habitat suitability ranks exceeding the value that captured 95% of use
locations in the Saher et al. (2022) reference models. All heatmaps represent changes for crucial habitats in
the breeding season, except for a single summer-season action (mesic improvements)

Satellite populations

In the Crawford satellite population, the greatest amount of overall improvement in suit-
ability of existing habitats was projected to occur from management actions that increased
sagebrush cover and could benefit much of the crucial habitat extent (Fig. 2f). How-
ever, removal of annual invasive grasses (Fig. 2a) and pinyon-juniper (Fig. 2b) were also
expected to have relatively large impacts in isolated areas. Projected improvements and
new habitat created from pinyon-juniper removal generally complemented areas improved
by increasing sagebrush cover and annual herbaceous removal. While some single actions
were projected to result in the creation of new habitats, the total area with this potential
was relatively small (max of 4.89 km? for the combined actions) compared to the total area
where existing habitats could be improved (max of 27.92 km?).

In Piflon Mesa, we projected pinyon-juniper removal could create the most habitat and
result in the greatest improvements in habitat suitability across crucial habitats of any
single management action (Fig. 3b). Increasing litter cover (e.g., by modifying grazing
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Fig.4 Categorized heatmaps showing projected change in habitat suitability resulting from habitat restora-
tion actions (or pairs of actions) in the Poncha Pass satellite population of Gunnison sage-grouse (Centro-
cercus minimus). Change in suitability values were quantified as the change in binned percentile from the
reference resource selection function (Saher et al. 2022) maps to the modified maps, based on habitat use
locations from the Saher et al. (2022) models. The heatmaps show change in suitability for each 30-m?
pixel, except for areas where (1) new habitat was projected to be created, (2) non-habitat was projected to
remain non-habitat despite intervention, or (3) negative impacts to suitability were projected to occur. Habi-
tat was defined as those pixels with habitat suitability ranks exceeding the value that captured 95% of use
locations in the Saher et al. (2022) reference models. All heatmaps represent changes for crucial habitats in
the breeding season, except for a single summer-season action (mesic improvements)

practices) was projected to result in large gains overall that were largely complementary
to pinyon-juniper removal, though also reduce suitability in some areas (Fig. 3a). Increas-
ing sagebrush height and decreasing shrub height (e.g., reducing non-sagebrush shrubs)
resulted in similar outcomes, though with relatively moderate benefits across much of the
crucial habitat extent (Fig. 3f, g). Pairing pinyon-juniper removal with decreasing shrub
height led to very strong improvements across the entire extent (Fig. 3h).

In Poncha Pass, removing annual herbaceous cover (Fig. 4f) and increasing non-
sagebrush shrub cover (Fig. 4a) were projected to result in the greatest and most wide-
spread habitat suitability improvements and new habitat created. Paired actions resulted
in substantial and widespread gains (Fig. 4g). Our simulations indicated that decreas-
ing non-sagebrush shrub cover in this satellite population would result in widespread
negative impacts to habitat suitability across most of the crucial habitat extent (Fig. 4b).
Mesic improvements in the breeding season were expected to result in habitat suitabil-
ity gains in many areas (Fig. 4c), but the areas seeing the most benefit in this season
differed from those in the summer/brood-rearing season (Fig. 4d). Projected breeding
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Fig.5 Categorized heatmaps showing projected change in habitat suitability resulting from habitat restora-
tion actions (or pairs of actions) in the San Miguel satellite population of Gunnison sage-grouse (Centro-
cercus minimus). Change in suitability values were quantified as the change in binned percentile from the
reference resource selection function (Saher et al. 2022) maps to the modified maps, based on habitat use
locations from the Saher et al. (2022) models. The heatmaps show change in suitability for each 30-m?
pixel, except for areas where (1) new habitat was projected to be created, (2) non-habitat was projected to
remain non-habitat despite intervention, or (3) negative impacts to suitability were projected to occur. Habi-
tat was defined as those pixels with habitat suitability ranks exceeding the value that captured 95% of use
locations in the Saher et al. (2022) reference models. All heatmaps represent changes for crucial habitats in
the breeding season, except for a single summer-season action (mesic improvements)

season gains in suitability resulted in negative impacts to suitability in the summer (i.e.,
late brood-rearing) season.

In San Miguel, increasing herbaceous cover (Fig. 5e) and sagebrush height (Fig. Sh)
had the largest and most widespread gains in suitability and new habitat created. Mesic
improvements were projected to substantially improve breeding habitat suitability
across the western half of crucial habitats and the westernmost of the eastern habitat
patches (Fig. 5¢), though some of these actions resulted in negative impacts on suitabil-
ity in summer in those same areas (Fig. 5d). Because of the complex quadratic relation-
ship between non-sagebrush shrub cover and habitat suitability, simulated increases and
decreases in shrub cover (a 1-SD directional change) both resulted in negative impacts
across much of the extent, with a few isolated areas of relatively large gains in habitat
suitability (Fig. 5f, g). Annual herbaceous removal resulted in relatively large benefits
in the western half of the crucial habitat extent, where cheatgrass was already well-
established (Fig. 5a).
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Fig.6 Categorized heatmaps showing projected change in habitat suitability in crucial breeding-season
habitats resulting from new or worsening annual herbaceous (predominately cheatgrass) invasions in the
Crawford, Poncha pass, and San Miguel Gunnison sage-grouse (Centrocercus minimus) satellite popula-
tions. Change in suitability values were quantified as the change in binned percentile from the reference
resource selection function (Saher et al. 2022) maps to the modified maps, based on habitat use locations
from the Saher et al. (2022) models. Non-habitat was defined as those pixels with habitat suitability ranks
below the value that captured 95% of use locations in the Saher et al. (2022) reference models
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Fig. 7 Categorized heatmaps showing projected change in habitat suitability resulting from new or worsen-
ing pinyon-juniper encroachment in crucial breeding-season habitats of the Crawford, Pifion Mesa, and San
Miguel Gunnison sage-grouse (Centrocercus minimus) satellite populations. Change in suitability values
were quantified as the change in binned percentile from the reference resource selection function (Saher
et al. 2022) maps to the modified maps, based on habitat use locations from the Saher et al. (2022) models.
Non-habitat was defined as those pixels with habitat suitability ranks below the value that captured 95% of
use locations in the Saher et al. (2022) reference models
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Benefits of targeting habitat actions with heatmaps

Spatially targeting treatment polygons using our categorized heatmaps resulted in a nearly
fourfold increase in habitat suitability values (improvement factor=3.95) and more than
a 15-fold increase in habitat created (improvement factor=15.77) compared to non-tar-
geted polygons (Table 2). The mean projected change in habitat suitability for each set of
simulated population-specific management actions and the total area of new habitat cre-
ated for targeted and non-targeted actions, as well as the percent increase in these metrics
that resulted from targeting, are reported in Table 2. Targeting treatment polygons using
our uncategorized heatmaps (i.e., RSF percentile change maps showing the calculated val-
ues from Eq. 1) resulted in larger overall improvements in habitat suitability compared to
targeting guided by our categorized maps (improvement factor=4.18), but slightly lower
improvements in habitat created (improvement factor=14.38; see full comparative results
in Supplemental Table S2.

Discussion

We developed a novel approach to evaluate potential habitat restoration efforts in a spa-
tial context with the aim of improving site conditions for a species of critical conservation
concern. Using GUSG to demonstrate its utility, we found divergent responses to simu-
lated change in habitat characteristics following restoration actions across satellite popula-
tions, further highlighting the need for management strategies tailored to populations with
unique habitat-use relationships and adaptive divergence (Zimmerman et al. 2019; Oyler-
McCance et al. 2021; Apa et al. 2021; Saher et al. 2022), and that face differing levels of
future threats (Van Schmidt et al. 2024). The heatmaps generated by our approach predict
habitat improvement potential at management-relevant scales and identify hotspots where
management is likely to result in the greatest return on conservation investment across mul-
tiple, unique satellite populations and ecoregions. In doing so, they effectively highlight the
need for site-specific management prescriptions, particularly when habitats are not uniform
across space and may serve as valuable resources for developing long-term conservation
strategies, as well as prioritizing restoration sites in the short-term. Our approach is trans-
ferable, thus providing a blueprint for managers looking to optimize their habitat restora-
tion dollars. Ultimately, using these data-driven and satellite population-specific resource
selection models should increase the efficiency and success of management actions tar-
geted at improving habitat conditions for species of conservation concern.

Our work represents the first effort to map and compare predicted habitat suitability
responses across space for a diverse suite of habitat restoration actions, thereby facilitating
the optimal allocation of habitat restoration actions, for a species of critical conservation
concern. While the exact applications of our heatmaps will depend on the specific manage-
ment goals being considered, they are intended to aid managers in a complex decision-
making process that optimizes use of limited financial and other resources for restoring
habitats for at-risk species. Our comparison of targeted versus non-targeted restoration
actions suggests these heatmaps can support the spatial targeting of restoration action sites
intended to improve or create habitats. Critically, non-linear responses for some habitat
covariates (e.g., non-sagebrush shrub) meant that placement of habitat interventions in
some areas could degrade existing habitats if the full landscape and seasonal contexts were
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not considered (for example, in San Miguel). This is vital to ensuring that management
actions intended to benefit species do not have unintentional detrimental impacts. We also
demonstrated several extensions to our base heatmaps that may further facilitate optimal
placement of restoration actions and may be transferrable to other species or systems.
These include (1) projections for paired restoration actions applicable to multi-approach
management strategies and (2) invasion maps that forecast the relative severity of habitat
degradation across space from the spread of native and non-native plants and could be used
to target priority areas for monitoring and early response. The workflow for our targeted
actions assessments can serve as a tool to simulate actions within smaller, customized
extents, thereby allowing managers to assess the relative impacts of proposed management
actions. These extensions can be applied to any system or species for which RSF models
exist and the potential impacts of management actions on habitat characteristics are known.
Additionally, our heatmaps could be used with decision-support resources to enhance stra-
tegic planning that considers future projections across the species’ range, such as the habi-
tat vulnerability assessment maps generated by Van Schmidt et al. (2024).

Seasonal RSFs often demonstrate varying selection relationships to the same covariates
at different times of year. Therefore, effective habitat management planning may require
balancing potential improvements in suitability in one season with degradation in another.
For example, mesic habitats are used by GUSG in the late brood-rearing season in summer
where herbaceous plants (critical sources of food and cover for chicks) persist, compared to
other upland habitats that have senesced (Fischer et al. 1996; Connelly et al. 2011). How-
ever, the presence of mesic habitats can displace other important habitat features such as
sagebrush cover, which is critical for survival and reproduction, because sagebrush con-
ceals nesting hens in the breeding season and provides forage and concealment in other
seasons (Aldridge and Boyce 2007, 2008; Connelly et al. 2011). Seasonal tradeoffs are
demonstrated in the San Miguel and Poncha Pass seasonal mesic heatmaps, which pro-
jected varying spatial responses to mesic habitat improvements between seasons, both in
the magnitude and direction of change in habitat suitability across the landscape. While
mesic improvement actions may have a substantial benefit at local sites in one season, the
result may be detrimental in another season and should be strategically targeted as a result.
Similarly, GUSG are dependent on sufficient sagebrush cover for survival in the winter
months (Schroeder et al. 1999; Connelly et al. 2000b; Crawford et al. 2004), so manage-
ment actions that reduce sagebrush cover to make way for other important cover types in
the warmer seasons may have unintended impacts on winter habitats and, therefore, sur-
vival. Although winter RSF models were not available for use in this study, such maps
could provide insight into other potential seasonal tradeoffs, allowing managers to target
treatments with full consideration of year-round seasonal requirements for GUSG.

Several caveats should be considered when translating results of our study for real-world
applications. First, as with all analyses incorporating remotely sensed data, the input layers
used in our models all have some error associated with them (including potential misclas-
sifications of habitat features) and limitations related to capturing rapidly changing habitat
features. For example, annual herbaceous layers considered in RSF models were based on
2015 imagery (see Saher et al. 2022) and there is the potential for rapid expansion and
spread of invasions, so both the extent and cover of this habitat feature have likely changed
since then. However, the time period within which our heatmaps will remain relevant for
management will depend on the speed of change across the landscape. For this reason, we
recommend that users verify on-the-ground habitat conditions as part of the decision-mak-
ing process and suggest that the data inputs describing habitat covariates for these models
be updated, as needed, to renew their relevance for conditions on the landscape. This is
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more important in cases where suitability is non-linearly related to habitat characteristics,
such as non-sagebrush shrub in our study (Fig. 5f, g). In such cases, managers could cross-
reference field observations with estimated response thresholds (i.e., from marginal effects
plots; Saher et al. 2022) prior to modifying habitats. Second, attempts to forecast the poten-
tial success of treatments (i.e., vegetation seedings or plantings) were not possible given
available data at the time of our study and were therefore beyond its scope. We instead
applied measures of static change (expected to result from successful restoration actions)
to eligible pixels and assumed equal restoration success among the various management
actions. We did, however, attempt to minimize possible overestimation of improvement
potential by masking areas where habitat improvements were unlikely to occur (e.g., devel-
oped areas, large bodies of water, and unsuitable topographies). For this reason, our heat-
maps are intended to be used in combination with local expert knowledge on whether spe-
cific actions would be successful at local sites as part of the strategic restoration planning
process.

While the maps generated in our study represent valuable decision-making resources
designed to improve spatial prioritization of habitat management actions, they stop short
of incorporating important demographic information for species of conservation concern.
Future efforts to build this spatial prioritization approach could assimilate these types of
data to better understand how management actions affect life stages critical to satellite pop-
ulation persistence and recovery. This information could link back to seasonal predictions
of habitat suitability improvement and the relationship to specific demographic rates of
interest to maximize potential population growth. For example, chick survival has been
demonstrated as a key factor driving population growth of greater sage-grouse (Taylor et al.
2012) and it is important to ensure that resources selected by animals, and thus managed
for, are not ecological traps that pose fitness consequences (Aldridge and Boyce 2007).
Planting sagebrush may help directly improve breeding, nesting, or winter habitat (thereby
improving rates of adult and nest survival), but it may not necessarily alleviate factors lim-
iting chick survival (e.g., the presence of mesic habitats adjacent to sufficient sagebrush
“escape” cover). These types of relationships could be identified and tested using inte-
grated population models (i.e., IPMs) or matrix models (Taylor et al. 2012; Coates et al.
2018; Mathews et al. 2018). Synthesizing these models with our approach to management
applications could help managers further target specific action types and application sites,
effectively maximizing satellite population growth potential by additionally targeting fac-
tors with the greatest influence on productivity or survival.

Summary

We provide a practical approach for leveraging RSF models to develop spatially varying
and satellite population-specific predictions of change in habitat suitability for species of
conservation concern. These data are intended to support resource managers tasked with
developing strategic habitat restoration plans that maximize returns on restoration invest-
ments, particularly when limited funding and resources require highly efficient and targeted
conservation efforts to generate maximum benefits for species. We found that applying
specific restoration treatments in seemingly similar sites could yield vastly different con-
sequences in terms of change in habitat suitability. This indicates that the multi-variable
conditions that comprise and improve habitats can be difficult to identify without the use
of habitat analyses. Analytical resources that are designed to uncover the locations, actions,
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and contexts that make efficient use of restoration resources may provide another method
of anticipating restoration benefits before actions are planned and undertaken. These types
of analyses have the potential for broader application across a wide range of ecological sys-
tems and species for which habitat suitability models exist or could be developed. Impor-
tantly, restoration analyses that anticipate the range of restoration benefits can support stra-
tegic planning that focuses on the specific needs of species in unique locations and thereby
contribute to conserving species in dynamic and changing landscapes.
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org/10.1007/s10531-024-02886-x.

Acknowledgements We thank the L. R. Waldner, C. T. Domschke and R. A. Sell of the Bureau of Land
Management for their input on management needs and interpretation, and assistance with obtaining man-
agement data used in this study. P. Jones of the Upper Gunnison River Water Conservancy District and
T. B. Chapman of The Nature Conservancy shared their knowledge and management planning resources.
We thank A. L. Whipple for assisting with analyses, the Bureau of Land Management and United States
Geological Survey for funding this research, and K. Quynn with FORT Writes for providing valuable guid-
ance for the writing process. We also thank two anonymous reviewers for their valuable inputs. Any use of
trade, product, or firm names is for descriptive purposes only and does not imply endorsement by the U.S.
Government.

Author contributions All authors contributed to the study’s conception and design. Material preparation,
data collection and analysis were performed by Jessica Shyvers, Nathan Van Schmidt and D. Joanne Saher.
The first draft of the manuscript was written by Jessica Shyvers and all authors provided feedback and revi-
sions to subsequent versions of the manuscript. All authors read and approved the final manuscript.

Funding This project was supported by the Bureau of Land Management and United States Geological
Survey.

Data availability The data generated as part of this study are available through a U. S. Geological Survey
data release (Shyvers et al. 2024) https://doi.org/10.5066/POVBT1ER.

Declarations

Competing interests The authors have no relevant financial or non-financial interests to disclose.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aldridge CL, Boyce MS (2007) Linking occurrence and fitness to persistence: habitat-based approach for
endangered greater sage-grouse. Ecol Appl 17:508-526. https://doi.org/10.1890/05-1871

Aldridge CL, Boyce MS (2008) Accounting for fitness: combining survival and selection when assessing
wildlife-habitat relationships. Israel J Ecol Evol 54:389-419

Aldridge CL, Saher DJ, Childers TM, Stahlnecker KE, Bowen ZH (2012) Crucial nesting habitat for Gun-
nison Sage-grouse: a spatially explicit hierarchical approach. J Wildl Manag 76:391-406. https://doi.
org/10.1002/jwmg.268

@ Springer


https://doi.org/10.1007/s10531-024-02886-x
https://doi.org/10.1007/s10531-024-02886-x
https://doi.org/10.5066/P9VBT1ER
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1890/05-1871
https://doi.org/10.1002/jwmg.268
https://doi.org/10.1002/jwmg.268

Biodiversity and Conservation

Apa AD, Aagaard K, Rice MB, Phillips E, Neubaum DJ, Seward N, Stiver JR, Wait S (2021) Seasonal
habitat suitability models for a threatened species: the Gunnison Sage-grouse. Wildl Res 48:609-624.
https://doi.org/10.1071/WR20006

Arkle RS, Pilliod DS, Hanser SE, Brooks ML, Chambers JC, Grace JB, Knutson KC, Pyke DA, Welty JL,
Wirth TA (2014) Quantifying restoration effectiveness using multi-scale habitat models: implications
for sage-grouse in the Great Basin. Ecosphere 5:1-32. https://doi.org/10.1890/ES13-00278.1

Avgar T, Lele SR, Keim JL, Boyce MS (2017) Relative selection strength: quantifying effect size in habitat-
and step-selection inference. Ecol Evol 7:5322-5330. https://doi.org/10.1002/ece3.3122

Borgmann KL, Conway CJ (2015) Wildlife habitat restoration. In: Morrison ML, Matthewson HA (eds)
Wildlife habitat conservation: concepts, challenges, and solutions. JHU Press, Baltimore

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

Boyce MS, McDonald LL (1999) Relating populations to habitats using resource selection functions.
Trends Ecol Evol 14:268-272. https://doi.org/10.1016/S0169-5347(99)01593-1

Brussee BE, Coates PS, O’Neil ST, Casazza ML, Espinosa SP, Boone JD, Ammon EM, Gardner SC,
Delehanty DJ (2022) Invasion of annual grasses following wildfire corresponds to maladaptive hab-
itat selection by a sagebrush ecosystem indicator species. Glob Ecol Conserv. https://doi.org/10.
1016/j.gecco.2022.e02147

Coates PS, Casazza ML, Brussee BE, Ricca MA, Gustafson KB, Sanchez-Chopitea E, Mauch K, Niell
L, Gardner S, Espinosa S, Delehanty DJ (2016) Spatially explicit modeling of annual and seasonal
habitat for greater sage-grouse (Centrocercus urophasianus) in Nevada and Northeastern Califor-
nia—an updated decision-support tool for management. Report 2016-1080, Reston, VA. https://doi.
org/10.5066/P99E64Y 4

Coates PS, Prochazka BG, Ricca MA, Halstead BJ, Casazza ML, Blomberg EJ, Brussee BE, Wiechman
L, Tebbenkamp J, Gardner SC, Reese KP (2018) The relative importance of intrinsic and extrinsic
drivers to population growth vary among local populations of Greater Sage-Grouse: an integrated
population modeling approach. Auk 135:240-261

Collier BA, Johnson DH (2015) Thoughts on models and prediction. In: Morrison ML, Mathweson HA
(eds) Wildlife habitat conservation: concepts, challenges, and solutions. Johns Hopkins University
Press, Baltimore, pp 117-127

Connelly JW, Reese KP, Fischer RA, Wakkinen WL (2000a) Response of a sage grouse breeding popula-
tion to fire in southeastern Idaho. Wildl Soc Bull 90:96. https://doi.org/10.2307/4617288

Connelly JW, Schroeder MA, Sands AR, Braun CE (2000b) Guidelines to manage sage grouse popula-
tions and their habitats. Wildl Soc Bull 28(4):967-998. https://doi.org/10.2307/3783856

Connelly JW, Rinkes ET, Braun CE (2011) Characteristics of greater sage-grouse habitats: a landscape
species at micro- and macroscales. In: Knick ST, Connelly JW (eds) Greater sage-grouse: ecology
and conservation of a landscape species and its habitats. University of California Press Studies in
Avian Biology, Berkeley, pp 69-83

Crawford JA, Olson RA, West NE, Mosley JC, Schroeder MA, Whitson TD, Miller RF, Gregg MA,
Boyd CS (2004) Ecology and management of Sage-grouse and Sage-grouse habitat. Rangel Ecol
Manag 57:2-19. https://doi.org/10.2111/1551-5028(2004)057[0002:EAMOSA]2.0.CO;2

Dayer AA, Bright AD, Teel TL, Manfredo MJ (2016) Application of a stated choice approach to assess-
ing public preferences for wildlife conservation funding. Hum Dimens Wildl 21:379-390. https://
doi.org/10.1080/10871209.2016.1169565

Doherty KE, Evans JS, Coates PS, Juliusson LM, Fedy BC (2016) Importance of regional variation
in conservation planning: a rangewide example of the Greater Sage-Grouse. Ecosphere 7:¢01462.
https://doi.org/10.1002/ecs2.1462

Doherty KE, Hennig JD, Dinkins JB, Griffin KA, Cook A, Maestas JD, Naugle D, Beck JL (2018)
Understanding biological effectiveness before scaling up range wide restoration investments for
Gunnison Sage-grouse. Ecosphere 9:1-18. https://doi.org/10.1002/ecs2.2144

Donnelly JP, Allred BW, Perret D, Silverman NL, Tack JD, Dreitz VJ, Maestas JD, Naugle DE (2018)
Seasonal drought in North America’s sagebrush biome structures dynamic mesic resources for
sage-grouse. Ecol Evol 8:12492-12505. https://doi.org/10.1002/ece3.4614

Donnelly JP, Naugle DE, Hagen CA, Maestas JD (2016) Public lands and private waters—Scarce mesic
resources structure land tenure and Sage-grouse distributions. Ecosphere 7(1):e01208. https://doi.
org/10.1002/ecs2.1208

Fischer RA, Reese KP, Connelly JW (1996) Influence of vegetal moisture content and nest fate on timing
of female sage grouse migration. Condor. https://doi.org/10.2307/1369875

Guisan A, Tingley R, Baumgartner JB, Naujokaitis-Lewis I, Sutcliffe PR, Tulloch AIT, Regan TJ, Bro-
tons L, McDonald-Madden E, Mantyka-Pringle C, Martin TG, Rhodes JR, Maggini R, Setter-
field SA, Elith J, Schwartz MW, Wintle BA, Broennimann O, Austin M, Ferrier S, Kearney MR,

@ Springer


https://doi.org/10.1071/WR20006
https://doi.org/10.1890/ES13-00278.1
https://doi.org/10.1002/ece3.3122
https://doi.org/10.1016/S0169-5347(99)01593-1
https://doi.org/10.1016/j.gecco.2022.e02147
https://doi.org/10.1016/j.gecco.2022.e02147
https://doi.org/10.5066/P99E64Y4
https://doi.org/10.5066/P99E64Y4
https://doi.org/10.2307/4617288
https://doi.org/10.2307/3783856
https://doi.org/10.2111/1551-5028(2004)057[0002:EAMOSA]2.0.CO;2
https://doi.org/10.1080/10871209.2016.1169565
https://doi.org/10.1080/10871209.2016.1169565
https://doi.org/10.1002/ecs2.1462
https://doi.org/10.1002/ecs2.2144
https://doi.org/10.1002/ece3.4614
https://doi.org/10.1002/ecs2.1208
https://doi.org/10.1002/ecs2.1208
https://doi.org/10.2307/1369875

Biodiversity and Conservation

Possingham HP, Buckley YM (2013) Predicting species distributions for conservation decisions.
Ecol Lett 16:1424-1435. https://doi.org/10.1111/ele.12189

Gunnison Sage-grouse Rangewide Steering Committee (2005) Gunnison Sage-grouse rangewide conser-
vation plan. Colorado Division of Wildlife, Denver

Hare KM, Borrelle SB, Buckley HL, Collier KJ, Constantine R, Perrott JK, Watts CH, Towns DR (2019)
Intractable: species in New Zealand that continue to decline despite conservation efforts. J R Soc N
7 49:301-319. https://doi.org/10.1080/03036758.2019.1599967

Heinrichs JA, Aldridge CL, O’Donnell MS, Schumaker NH (2017) Using dynamic population simu-
lations to extend resource selection analyses and prioritize habitats for conservation. Ecol Model
359:449-459. https://doi.org/10.1016/j.ecolmodel.2017.05.017

Jacobson CA, Decker DJ, Carpenter L (2007) Securing alternative funding for wildlife management:
insights from agency leaders. J Wildl Manag 71:2106-2113. https://doi.org/10.2193/2006-442

Johnson CJ, Nielsen SE, Merrill EH, McDonald TL, Boyce MS (2006) Resource selection functions based
on use-availability data: theoretical motivation and evaluation methods. J Wildl Manag 70:347-357.
https://doi.org/10.2193/0022-541X(2006)70[347:RSFBOU]2.0.CO;2

Johnson CN, Balmford A, Brook BW, Buettel JC, Galetti M, Guangchun L, Wilmshurst JM (2017) Biodi-
versity losses and conservation responses in the Anthropocene. Science 356:270-275. https://doi.org/
10.1126/science.aam9317

Jones HP, Jones PC, Barbier EB, Blackburn RC, Rey Benayas JM, Holl KD, McCrackin M, Meli P, Mon-
toya D, Mateos DM (2018) Restoration and repair of Earth’s damaged ecosystems. Proc R Soc B
285:20172577. https://doi.org/10.1098/rspb.2017.2577

Knick ST, Hanser SE, Preston KL (2013) Modeling ecological minimum requirements for distribution of
greater sage-grouse leks: implications for population connectivity across their western range, USA.
Ecol Evol 3:1539-1551. https://doi.org/10.1002/ece3.557

LeBeau CW, Johnson GD, Holloran MJ, Beck JL, Nielson RM, Kauffman ME, Rodemaker EJ, McDon-
ald TL (2017) Greater Sage-grouse habitat selection, survival, and wind energy infrastructure. J Wildl
Manag 81:690-711. https://doi.org/10.1002/jwmg.21231

Legge S, Woinarski JC, Scheele BC, Garnett ST, Lintermans M, Nimmo DG, Whiterod NS, Southwell DM,
Ehmke G, Buchan A (2021) Rapid assessment of the biodiversity impacts of the 2019-2020 Australian
megafires to guide urgent management intervention and recovery and lessons for other regions. Divers
Distrib. https://doi.org/10.1111/ddi.13428

Manly BFJ, McDonald LL, Thomas DL, McDonald TL, Erickson WP (2002) Resource selection by ani-
mals—statistical design and analysis for field studies, 2nd edn. Kluwer Academic Publishers, Dordecht

Marini L, Bartomeus I, Rader R, Lami F (2019) Species—habitat networks: a tool to improve landscape man-
agement for conservation. J Appl Ecol 56:923-928. https://doi.org/10.1111/1365-2664.13337

Mason C, Hobday AJ, Alderman R, Lea MA (2021) Climate adaptation interventions for iconic fauna. Con-
serv Sci Pract. https://doi.org/10.1111/csp2.434

Mathews SR, Coates PS, Prochazka BG, Ricca MA, Meyerpeter MB, Espinosa SP, Lisius S, Gardner SC,
Delehanty DJ (2018) An integrated population model for greater sage-grouse (Centrocercus uropha-
sianus) in the bi-state distinct population segment, California and Nevada, 2003-17. Report 2018—
1177, Reston, VA. https://doi.org/10.3133/0fr20181177

McGarigal K, Wan HY, Zeller KA, Timm BC, Cushman SA (2016) Multi-scale habitat selection modeling:
areview and outlook. Landsc Ecol 31:1161-1175. https://doi.org/10.1016/j.biocon.2018.08.027

Morris LR, Proffitt KM, Blackburn JK (2016) Mapping resource selection functions in wildlife studies: con-
cerns and recommendations. Appl Geogr 76:173-183. https://doi.org/10.1016/j.apgeog.2016.09.025

Nagel DE, Buffington JM, Parkes SL, Wenger S, Goode JR (2014) A landscape scale valley confinement
algorithm: delineating unconfined valley bottoms for geomorphic, aquatic, and riparian applications.
General Technical Report RMRS-GTR-321, Rocky Mountain Research Station, Fort Collins, CO. 42p.
https://doi.org/10.2737/RMRS-GTR-321

Northrup JM, Vander Wal E, Bonar M, Fieberg J, Laforge MP, Leclerc M, Prokopenko CM, Gerber BD
(2021) Conceptual and methodological advances in habitat-selection modeling: guidelines for ecology
and evolution. Ecol Appl. https://doi.org/10.1002/eap.2470

Ortega-Argueta A, Baxter G, Hockings M, Guevara R (2017) Assessing the internal consistency of manage-
ment plans for the recovery of threatened species. Biodivers Conserv 26:2205-2222. https://doi.org/10.
1007/s10531-017-1353-5

Oyler-McCance SJ, Oh KP, Zimmerman SJ, Aldridge CL (2021) The transformative impact of genomics on
Sage-grouse conservation and management. In: Hohenlohe PA, Rajora OP (eds) Population genomics:
wildlife. Springer, Cham, pp 523-546

Powers RP, Jetz W (2019) Global habitat loss and extinction risk of terrestrial vertebrates under future land-
use-change scenarios. Nat Climate Change 9:323-329

@ Springer


https://doi.org/10.1111/ele.12189
https://doi.org/10.1080/03036758.2019.1599967
https://doi.org/10.1016/j.ecolmodel.2017.05.017
https://doi.org/10.2193/2006-442
https://doi.org/10.2193/0022-541X(2006)70[347:RSFBOU]2.0.CO;2
https://doi.org/10.1126/science.aam9317
https://doi.org/10.1126/science.aam9317
https://doi.org/10.1098/rspb.2017.2577
https://doi.org/10.1002/ece3.557
https://doi.org/10.1002/jwmg.21231
https://doi.org/10.1111/ddi.13428
https://doi.org/10.1111/1365-2664.13337
https://doi.org/10.1111/csp2.434
https://doi.org/10.3133/ofr20181177
https://doi.org/10.1016/j.biocon.2018.08.027
https://doi.org/10.1016/j.apgeog.2016.09.025
https://doi.org/10.2737/RMRS-GTR-321
https://doi.org/10.1002/eap.2470
https://doi.org/10.1007/s10531-017-1353-5
https://doi.org/10.1007/s10531-017-1353-5

Biodiversity and Conservation

Remington TE, Deibert PA, Hanser SE, Davis DM, Robb LA, Welty JL (2021) Sagebrush conservation
strategy: challenges to sagebrush conservation. U.S. Geological Survey Open-File Report 2020-1125,
327 p. https://doi.org/10.3133/0fr20201125

Ricca MA, Coates PS, Gustafson KB, Brussee BE, Chambers JC, Espinosa SP, Gardner SC, Lisius S, Zie-
gler P, Delehanty DJ, Casazza ML (2018) A conservation planning tool for Greater Sage-grouse using
indices of species distribution, resilience, and resistance. Ecol Appl 28:878-896. https://doi.org/10.
1002/eap.1690

Rigge M, Homer C, Cleeves L, Meyer DK, Bunde B, Shi H, Xian G, Schell S, Bobo M (2020) Quantifying
Western U.S. rangelands as fractional components with multi-resolution remote sensing and in situ
data. Remote Sens 12:412—412. https://doi.org/10.3390/rs12030412

Saher DJ, O’Donnell MS, Aldridge CL (2022) Balancing model generality and specificity in manage-
ment-focused habitat selection models for Gunnison Sage-grouse. Glob Ecol Conserv 35:¢01935.
https://doi.org/10.1016/j.gecco.2021.e01935

Schroeder MA, Young JR, Braun CE (1999) Sage Grouse (Centrocercus urophasianus). In: Poole A,
Gill F (eds) The birds of North America No. 425. The Academy of Natural Sciences, Philadelphia,
PA. and the American Ornithologists’ Union, Washington

Schroeder MA, Aldridge CL, Apa AD, Bohne JR, Braun CE, Bunnell SD, Connelly JW, Deibert PA,
Gardner SC, Hilliard MA (2004) Distribution of Sage-grouse in North America. The Condor
106:363-376. https://doi.org/10.1093/condor/106.2.363

Scott TA, Wehtje W, Wehtje M (2001) The need for strategic planning in passive restoration of wildlife
populations. Restor Ecol 9:262-271. https://doi.org/10.1046/j.1526-100x.2001.009003262.x

Scott JM, Goble DD, Haines AM, Wiens JA, Neel MC (2010) Conservation-reliant species and the
future of conservation. Conserv Lett 3:91-97. https://doi.org/10.1111/j.1755-263X.2010.00096.x

Shackelford N, Hobbs RJ, Burgar JM, Erickson TE, Fontaine JB, Laliberté E, Ramalho CE, Perring
MP, Standish RJ (2013) Primed for change: developing ecological restoration for the 21st century.
Restor Ecol 21:297-304. https://doi.org/10.1111/rec.12012

Shirk AJ, Raphael MG, Cushman SA (2014) Spatiotemporal variation in resource selection: insights
from the American marten (Martes americana). Ecol Appl 24:1434—1444. https://doi.org/10.1890/
13-1510.1

Shoemaker KT, Heffelfinger LJ, Jackson NJ, Blum ME, Wasley T, Stewart KM (2018) A machine-learn-
ing approach for extending classical wildlife resource selection analyses. Ecol Evol 8:3556-3569.
https://doi.org/10.1002/ece3.3936

Shyvers JE, Van Schmidt ND, Saher DJ, Heinrichs JA, O’Donnell MS, Aldridge CL (2024) Maps of
habitat suitability improvement potential for the Gunnison sage-grouse (Centrocercus minimus) sat-
ellite populations in Southwestern Colorado; U.S. Geological Survey data release. https://doi.org/
10.5066/P9VBT1ER

Smith DR, Allan NL, McGowan CP, Szymanski JA, Oetker SR, Bell HM (2018) Development of a spe-
cies status assessment process for decisions under the US Endangered Species Act. J Fish Wildl
Manag 9:302-320. https://doi.org/10.3996/052017-JFWM-041

Smith KT, Dinkins JB, Beck JL (2019) Approaches to delineate greater sage-grouse winter concentra-
tion areas. J Wildl Manag 83:1495-1507. https://doi.org/10.1002/jwmg.21738

Tarbox BC, Van Schmidt ND, Shyvers JE, Saher DJ, Heinrichs JA, Aldridge CL (2022) Bridging the gap
between spatial modeling and management of invasive annual grasses in the imperiled Sagebrush
Biome. Rangel Ecol Manage 82:104—115. https://doi.org/10.1016/j.rama.2022.01.006

Taylor RL, Walker BL, Naugle DE, Mills LS (2012) Managing multiple vital rates to maximize greater
sage-grouse population growth. J Wildl Manag 76:336-347. https://doi.org/10.1002/jwmg.267

United States Fish and Wildlife Service (2014) Endangered and threatened wildlife and plants; threat-
ened status for Gunnison Sage-grouse; Final Rule. Federal Register 79 (224), 50 CFR Part 17:
69192-69310, November 20, 2014

U.S. Fish and Wildlife Service (2016) USFWS species status assessment framework: an integrated ana-
lytical framework for conservation. Version 3.4 dated August 2016

U.S. Fish and Wildlife Service (2019) Species status assessment report for Gunnison Sage-grouse (Cen-
trocercus minimus). Version: April 20, 2019. Lakewood, Colorado

U.S. Fish and Wildlife Service (2020a) Final recovery plan for Gunnison Sage-grouse (Centrocercus
minimus). October 2020. U.S. Fish and Wildlife Service, Upper Colorado River Region, Lakewood,
Colorado. 32 p

U.S. Fish and Wildlife Service (2020b) Recovery implementation strategy for Gunnison Sage-grouse
(Centrocercus minimus). September 2020. U.S. Fish and Wildlife Service, Upper Colorado Basin
Region, Lakewood, Colorado. 75 p

@ Springer


https://doi.org/10.3133/ofr20201125
https://doi.org/10.1002/eap.1690
https://doi.org/10.1002/eap.1690
https://doi.org/10.3390/rs12030412
https://doi.org/10.1016/j.gecco.2021.e01935
https://doi.org/10.1093/condor/106.2.363
https://doi.org/10.1046/j.1526-100x.2001.009003262.x
https://doi.org/10.1111/j.1755-263X.2010.00096.x
https://doi.org/10.1111/rec.12012
https://doi.org/10.1890/13-1510.1
https://doi.org/10.1890/13-1510.1
https://doi.org/10.1002/ece3.3936
https://doi.org/10.5066/P9VBT1ER
https://doi.org/10.5066/P9VBT1ER
https://doi.org/10.3996/052017-JFWM-041
https://doi.org/10.1002/jwmg.21738
https://doi.org/10.1016/j.rama.2022.01.006
https://doi.org/10.1002/jwmg.267

Biodiversity and Conservation

Van Horne B, Wiens JA (2015) Managing habitats in a changing world. In: Morrison ML, Mathweson
HA (eds) Wildlife habitat conservation: concepts, challenges, and solutions. Johns Hopkins Univer-
sity Press, Baltimore, pp 34-46

Van Schmidt ND, Shyvers JE, Heinrichs JA, Saher DJ, Aldridge CL (2024) A habitat-centered frame-
work for wildlife climate change vulnerability assessments: application to Gunnison sage-grouse.
Ecosphere. https://doi.org/10.1002/ecs2.4768

Visconti P, Bakkenes M, Baisero D, Brooks T, Butchart SHM, Joppa L, Alkemade R, Di Marco M, San-
tini L, Hoffmann M, Maiorano L, Pressey RL, Arponen A, Boitani L, Reside AE, van Vuuren DP,
Rondinini C (2016) Projecting global biodiversity indicators under future development scenarios.
Conserv Lett 9:5-13. https://doi.org/10.1111/conl.12159

Walker BL, Apa AD, Eichhoff K (2016) Mapping and prioritizing seasonal habitats for greater Sage-grouse
in Northwestern Colorado. J Wildl Manag 80:63—77. https://doi.org/10.1002/jwmg.962

Wisdom MIJ, Meinke CW, Knick ST, Schroeder MA (2011) Factors associated with extirpation of Sage-
grouse. In: Knick ST, Connelly JW (eds) Greater Sage-grouse: Ecology and conservation of a land-
scape species and its habitats. University of California Press Studies in Avian Biology, Berkeley, pp
451-547

Young JR, Braun CE, Oyler-McCance SJ, Aldridge CL, Magee PA, Schroeder MA (2020) Gunnison Sage-
grouse (Centrocercus minimus), version 1.0. In: Rodewald PG (ed) Birds of the World. Cornell Lab of
Ornithology, Ithaca

Zimmerman SJ, Aldridge CL, Oh KP, Cornman RS, Oyler-McCance SJ (2019) Signatures of adaptive
divergence among populations of an avian species of conservation concern. Evol Appl 12:1661-1677.
https://doi.org/10.1111/eva.12825

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Authors and Affiliations

Jessica E. Shyvers'® . Nathan D. Van Schmidt'® - D. Joanne Saher?
Julie A. Heinrichs?>® - Michael S. 0'Donnell'® . Cameron L. Aldridge’

P Jessica E. Shyvers
jess.shyvers@ TNC.ORG

U.S. Geological Survey, Fort Collins Science Center, 2150 Centre Ave, Bldg. C, Fort Collins,
CO 80526, USA

Natural Resource Ecology Laboratory, Colorado State University, Fort Collins, CO, in Cooperation
With the U.S. Geological Survey, Fort Collins Science Center, 2150 Centre Ave, Bldg. C,
Fort Collins, CO 80526, USA

@ Springer


https://doi.org/10.1002/ecs2.4768
https://doi.org/10.1111/conl.12159
https://doi.org/10.1002/jwmg.962
https://doi.org/10.1111/eva.12825
http://orcid.org/0000-0002-4307-0004
http://orcid.org/0000-0002-5973-7934
http://orcid.org/0000-0002-2452-2570
http://orcid.org/0000-0001-7733-5034
http://orcid.org/0000-0002-3488-003X
http://orcid.org/0000-0003-3926-6941

	Leveraging local habitat suitability models to enhance restoration benefits for species of conservation concern
	Abstract
	Introduction
	Methods
	Study area
	Leveraging existing resource selection function models
	Mapping effects of single management actions on habitat suitability
	Mapping effects of paired management actions on habitat suitability
	Mapping effects of new or worsening plant invasions on habitat suitability
	Calculating change in habitat suitability
	Assessing the utility of our heatmaps for improving management strategies

	Results
	Overall trends
	Satellite populations
	Benefits of targeting habitat actions with heatmaps

	Discussion
	Summary
	Acknowledgements 
	References


