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a b s t r a c t 

Sagebrush ecosystems across the western U.S. are in decline due to numerous threats, including expan- 

sion of coniferous woodlands and forests. The interagency Sagebrush Conservation Design effort recently 

quantified sagebrush ecological integrity (SEI) to map remaining core sagebrush areas (relatively intact 

and functional sagebrush ecosystems) and understand spatial and temporal patterns of change relative 

to primary threats. Recent work has identified conifer expansion as the second leading cause of de- 

cline in sagebrush ecological integrity biome wide. Here, we sought to create a spatial prioritization 

of conifer management that maximizes return-on-investment to defend and grow core sagebrush areas. 

Multi-criteria decision analysis (MCDA) was used to incorporate a series of biome-level inputs includ- 

ing SEI, invasive annual grass cover and risk, structural connectivity, and conifer cover and expansion 

vulnerability into a single prioritization based on collaborative expert input. Our analysis identifies pri- 

ority areas for conifer management across the sagebrush biome, simulates conifer treatments based on 

those priorities, and estimates potential changes in SEI as a result of targeted treatment. At a broad scale, 

we found that the highest priority areas for conifer management were largely located east of the Rocky 

Mountains. This represents a departure from recent landscape-level trends of conifer management effort s 

in sagebrush systems, which were focused primarily on pinyon-juniper expansion in the Great Basin. A 

majority (52%) of the highest priority areas are managed by the Bureau of Land Management, followed 

by a large proportion (26%) of priority areas located on privately-owned land – particularly in Wyoming 

and Montana. Targeting simulated conifer treatments using our prioritization resulted in higher within- 

core targeting percentages ( ≥93%) than business-as-usual efforts (23.8%), which would result in a four- 

to eight-fold reduction in the time to treat priority areas within cores. Finally, we demonstrate that these 

simulated treatments, targeted with our prioritization, have the capacity to improve SEI in and around 

treatment areas. This work provides an actionable path to “Defend the Core” as outlined by the Sage- 

brush Conservation Design effort by helping conservationists more efficiently address conifer expansion 

in and around core sagebrush areas. 

Published by Elsevier Inc. on behalf of The Society for Range Management. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Expansion of coniferous woodlands and forests into adjacent

agebrush ( Artemisia spp.) rangelands in western North America
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s a well-documented phenomenon ( Romme et al. 2009 ; Miller

t al. 2019 ; Morford et al. 2024 ) with a host of undesired conse-

uences for sagebrush-dependent wildlife and ecosystem services 

 Maestas et al. 2021 ). In recent decades, the imperiled sage-grouse 
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P  
 Centrocercus spp.)—a true sagebrush obligate—has become a pri- 

ary focus of conifer removal efforts in the region owing to the

ird’s sensitivity to tree encroachment ( Baruch-Mordo et al. 2013 )

nd favorable response to tree removal ( Severson et al. 2017 ; Olsen

t al. 2021 ; Coates et al., 2024 ). Recent work has demonstrated

hat the benefits of conifer treatments in sagebrush systems ex- 

end to many sagebrush-obligate songbirds as well ( Donnelly et al.,

017 ; Zeller et al., 2021 ; Tack et al., 2023 ; Kumar et al., 2024 ).

s a result, spatial targeting of conifer tree removal has become

 hallmark of sagebrush habitat restoration ( Naugle et al., 2024 ),

ith over half of all treatments clustered within sage-grouse 

trongholds ( Reinhardt et al. 2020 ). An ever-increasing body of sci-

nce and geospatial datasets have enabled continual refinement 

f conservation targeting to better optimize outcomes for sage- 

rouse ( Reinhardt et al. 2017 ), incorporate multi-species needs 

 Zeller et al. 2021 ; Reinhardt et al. 2023 ; Tack et al. 2023 ), and im-

rove ecosystem resilience ( Chambers et al. 2017 ). While progress

s being made to curtail conifer expansion in some highly tar-

eted landscapes ( Naugle et al., 2024 ), range-wide assessments in-

icate management may just be keeping pace with the rate of

xpansion ( Reinhardt et al. 2020 ) and conifer encroachment re-

ains the second leading driver of sagebrush ecosystem degrada- 

ion ( Mozelewski et al., 2024 ), indicating room for further improve-

ent strategic conservation. 

The Sagebrush Conservation Design (SCD; Doherty et al. 2022 )

epresents the latest evolution of strategic conservation planning 

n the sagebrush biome, providing a comprehensive and spatially 

xplicit view of sagebrush ecosystem threats and change through 

ime. The SCD seeks to identify intact and functioning sagebrush

cosystems relative to primary threats to enable a more proac- 

ive, ecosystem-based conservation strategy. Using remotely sensed 

ata, the SCD models Sagebrush Ecological Integrity (SEI) across 

agebrush rangelands as a function of sagebrush cover, perennial 

rass cover, annual grass cover, human modification, and tree cover 

 Doherty et al., 2022 ) in an effort to identify Core Sagebrush Areas

CSAs; most intact), Growth Opportunity Areas (GOAs; moderately 

ntact), and Other Rangeland Areas (ORAs; least intact). The SCD 

ncourages managers to implement a new conservation philoso- 

hy: “Defend the Core, Grow the Core, Mitigate Impacts” ( NRCS,

021 ), which emphasizes prioritizing the protection and manage- 

ent of intact “core” sagebrush ecosystems over restoration of 

ore highly degraded areas. This approach – referred to here as 

efend the Core – is designed to direct resources and management 

ffort s first into priority landscapes where early intervention to ad-

ress threats is more likely to be effective and sustainable long

erm. 

Here, we leverage the SCD to improve spatial prioritization of 

onifer management across the sagebrush biome to help land man- 

gers better maintain and improve ecological integrity of sage- 

rush ecosystems in the face of rapid change. Using a collab-

ratively informed modeling approach, we developed a biome- 

ide prioritization for conifer management that incorporates SEI, 

onifer cover and expansion risk, invasive annual grass risk, and 

cosystem-level connectivity. Our goals were to: 1) create a biome- 

ide prioritization layer that can be used to enhance outcomes 

f future conservation investments, 2) demonstrate the utility of 

xpert-informed modeling to address conifer expansion, and 3) 

valuate how our prioritization can improve landscape-scale eco- 

ogical integrity. 

ethods 

tudy area 

This study considers the full extent (99.1 million hectares) 

f the sagebrush biome in the United States ( Jeffries and Finn,
019 ). Nonrangeland areas were masked out from the analyses 

sing the detailed non-rangeland mask constructed by Maestas 

t al., (2020) , which incorporates information from numerous 

atasets and masks based on vegetation presence and composi- 

ion, remotely sensed spectral data, soils information, land cover 

ttributes, crop cultivation, hydrology, and more. Alpine tundra 

ere masked out using the USGS GAP Ecosystems product (USGS, 

016) . Land cover in the study area primarily consists of sage-

rush ecosystems, numerous types of pinyon-juniper woodlands, 

nd agricultural land ( Miller et al., 2008 ; Homer et al., 2015 ). The

limate across the sagebrush biome tends to be cold and semiarid

ith hot and dry summers but cold and wet winters ( Kottek et al.,

006 ). There is, however, significant variation across the wide lati-

udinal gradient; the climate in the Southern Great Basin is partic-

larly different, with warmer summers and less overall precipita- 

ion ( Kottek et al., 2006 ; Daly et al., 2008 ). 

ata 

Estimated conifer cover was obtained by taking the tree cover 

ataset (30 m ² resolution) from the Rangeland Analysis Platform 

v3, Allred et al., 2021 ) and masking it to the sagebrush biome as

escribed above. This fractional tree cover product does not dif- 

erentiate between species or forest type but applying the non- 

angeland mask from Maestas et al. (2020) as described above lim-

ts our area of consideration to the sagebrush biome, where the

ajority of tree cover is pinyon-juniper or juniper as classified by

ANDFIRE (2022) . This fractional cover dataset provides coverage 

ver our entire study area and has a mean absolute error of 2.8%

or the “trees” functional group ( Allred et al., 2021 ). A conifer ex-

ansion (i.e., dispersal and establishment) risk layer was produced 

sing a 200-m dispersal kernel centered on pixels with conifer 

over > 2% (to account for error and the possibility of misidenti-

ying trees where there are none). A distance of 200-m was used

ased on a rounded-up estimate of the fastest rate of pinyon pine

xpansion computed by Vander Wall (2023) . Areas further from 

xisting conifer along this gradient were considered to be at lower

isk for conifer expansion. 

To support proactive management, we wanted our prioritiza- 

ion to preferentially target the leading edge of conifer expansion 

ith little or no conifer cover but with the risk of conifer expan-

ion, followed by areas of low conifer cover, with priority grad-

ally decreasing as cover increases. To accomplish this, we cre- 

ted a single conifer component (hereafter, “conifer”) by combin- 

ng the conifer cover dataset with the conifer expansion risk layer.

his was done by truncating the conifer cover layer at 2% (match-

ng our dispersal kernel threshold, above) and inserting a rescaled 

onifer expansion risk in the 0–2 values of the cover dataset. This

ut the highest emphasis for our prioritization analyses on ar- 

as of expansion risk and low cover (Phase I sensu Miller et al.,

005 ) woodlands and forests. At the ground level, this means that

he priority would be tilted toward treating Phase I ( Miller et al.,

005 ) pinyon-juniper woodlands and preventative or early inter- 

ention treatments in shrub systems on the leading edge of conifer

xpansion. 

A quantification of SEI ( Doherty et al., 2022 ; 30 m ² resolution)

omputed without the conifer threat component was used in 

hese analyses to prioritize areas which demonstrate high ecolog- 

cal integrity in the absence of conifer cover. We incorporated the

elative risk of 5 invasive annual grasses (cheatgrass ( Bromus tecto- 

um ), red brome ( Bromus rubens ), Japanese brome ( Bromus japon-

cus ), ventenata ( Ventenata dubia ), and medusahead ( Taeniatherum

aput-medusae )) based on data from Boyd et al. ( this issue ), which

epresents the product of current invasive annual grass cover 

average from 2019-2022) derived from the Rangeland Analysis 

latform ( Allred et al., 2021 ) as well as modelled suitability for
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Table 1 

Criteria weighting as derived from the analytical hierarchy process ( Saaty, 1987 ). 

Collaborative responses represent input from a range of natural resource experts 

( n = 19). 

Criterion Weight 

Conifer 0.170 

Ecological integrity 0.525 

Invasive annual grass 0.170 

Connectivity 0.135 
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nvasive annual grasses ( Jarnevich et al. 2023a , Jarnevich et al.

023b , Williams et al. 2023 ) at a 30 m ² resolution, resampled from

00 m ². Landscape-level structural connectivity derived from a

ulti-scale model using a resistant Gaussian kernel approach (pro-

uced by Theobald et al., 2024 ) was incorporated at a resolution

f 30 m ² to represent broad ecosystem-level connectivity across

he sagebrush biome. This structural connectivity dataset describes

onnectivity between existing intact sagebrush landscapes and 

epresents a ‘connectivity backbone’ of Core Sagebrush Areas

cross the biome. 

nalyses 

We used multi-criteria decision analysis (MCDA; Belton and

tewart, 2002 ; Marttunen et al., 2017 ) via the analytical hierarchy

rocess ( Saaty, 1987 ) to develop a spatial prioritization of conifer

anagement across the sagebrush biome. A collection of collabo-

ative subject matter experts ( n = 19) in fields including rangeland

cology, landscape ecology, invasive plant management, wildlife

cology, conservation biology, and forestry were asked to indepen-

ently rank the pairwise importance ( sensu Saaty, 1987 ) of each of

he 4 criteria included in this analysis: conifer, SEI, invasive annual

rass risk, and structural connectivity. These experts were drawn

rom the broader Sagebrush Conservation Design group (this is-

ue). Responses were transformed into a summary matrix and the

ight eigenvector was computed using the pairwiseComparisonMa-

rix() and calculateWeights() functions in the FuzzyAHP R pack-

ge ( Caha and Drážná, 2019 ; R Core Team, 2023 ). These computed

eights were used to combine the standardized criteria datasets

nto a single conifer prioritization map representing priority on a

–100 scale. In computing the MCDA, the directionality of each

nput dataset was configured such that the highest values would

epresent areas of relatively low conifer threat, low invasive an-

ual grass presence and risk, high SEI, and high structural con-

ectivity. To evaluate the distribution of priority areas across land

enure, we split the prioritization dataset into deciles and summa-

ized across ownerships. We evaluated the distribution of the top

 priority deciles (8th–10th) across ownerships as described in the

LM Surface Management Agencies database ( BLM, 2023 ). 

MCDA was chosen as the analytical tool to create this biome-

ide conifer prioritization because it allows for the explicit incor-

oration of expert opinion via the analytical hierarchy process and

rings the component datasets together in an easily interpretable

ay ( Marttunen et al., 2017 ). Methodological simplicity that main-

ains analytical power in terms of prioritization was the desired

pproach for this analysis because this work is intended to be an-

lytical as well as demonstrative; the framework and principles of

his analysis have the capacity to be used in more geographically

estricted local areas in direct cooperation with managers by so-

iciting their input on the variable weighting component. Other

rioritization methods, such as mixed integer linear programing

pproaches including Marxan and prioritizr (e.g., Reinhardt et al.,

017 , 2023 ) or Zonation (e.g., Lehtomäki and Moilanen, 2013 ) are

lgorithmically powerful and arguably more flexible in terms of

ow prioritizations can be parameterized, but are more complex

rom an interpretability standpoint and do not lend themselves to

imple transferability from one landscape of interest to the next

ith simple adjustments based on local manager and expert input.

CDA using the analytical hierarchy process offers a prioritization

pproach that allows for flexibility in terms of deployment, copro-

uction, and analytical capacity. 

To illustrate the utility of this prioritization, we simulated

onifer treatments in several different scenarios. These simu-

ated conifer treatments were built around a common estimate

f business-as-usual (“BAU”) annual conifer treatment (64,319 ha)

omputed by Mozelewski et al. (2024) . In our first scenario, we
imulated treatments in an area equal to this, but prioritized the

reas to be treated using the analysis produced here – the “BAU”

cenario. A second scenario, named “BAUx2,” doubled the area to

e treated. We also evaluated the simulated distribution of 10 yr

f conifer treatments for both the BAU (“10yBAU”) and double-

rea (“10yBAUx2”) scenarios, for a total of four conifer treatment

cenarios. Simulated conifer treatments represent successful tree 

emoval treatments (i.e., mechanical removal, hand cutting) that

ring conifer cover in a given area to 0%. 

Mozelewski et al. (2024) quantified the distribution of con-

emporary conifer treatments occurring within each ecological in-

egrity category (ORAs, GOAs, and CSAs) and estimated that 23.8%

f contemporary conifer treatments currently occur within CSAs.

o compare the potential benefit of using the MCDA prioritiza-

ion to target treatments compared to current practices, we eval-

ated the proportion of our simulated conifer treatments that oc-

urred within CSAs for each of our simulated treatment scenarios

BAU, BAUx2, 10yBAU, 10yBAUx2). We then evaluated the relative

mount of within-core treatment area required to treat priority ar-

as within cores. The ‘priority areas’ used for this analysis con-

isted of the top 50% of the MCDA-derived priority scale, and the

high priority” areas consisted of the top 25%. Using this informa-

ion, the time it would take to treat areas within cores in support

f the “defend the core” strategy was computed for current prac-

ices, prioritized BAU, prioritized BAUx2, and the “Core Targeting”

cenario from Mozelewski et al. (2024) , which assumes we suc-

essfully shift 80% of the area being treated to cores. 

The potential impact of simulated conifer treatments on SEI was

valuated by setting target areas to zero conifer cover for each

cenario and recomputing SEI as per Doherty et al. (2022) . Treat-

ents could potentially have impacts on ecological integrity be-

ond their immediate area of simulated implementation, as the

cological integrity model is computed at a broader spatial scale

560 m vs 30 m) using a Gaussian kernel ( Doherty et al., 2022 );

his also means, however, that treatments have the potential to be

washed out” in the moving-window smoothing process if they are

ot large enough. Changes in ecological integrity due to simulated

reatments were summarized by category: ORAs, GOAs, and CSAs.

he area of change was summarized in terms of whether a partic-

lar area remained stable within a category, demonstrated an in-

rease of ecological integrity within a category, or improved to the

ext category up (e.g., GOA to CSA). Finally, we evaluated both the

istribution and the potential impact of simulated conifer treat-

ents across land tenure categories as found within the BLM Sur-

ace Management Agencies database (BLM, 2023). 

esults 

The MCDA weights produced via the analytical hierarchy pro-

ess put SEI first, followed by both conifer and invasive annual

rass and then connectivity ( Table 1 ). The prioritization based on

ollaborative input therefore put the most weight on SEI (without

he conifer threat component), equal weight on conifer and in-

asive annual grasses, followed closely by connectivity. High pri-

rity areas were thus reflective of locations with relatively high
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Table 2 

Area distribution of the highest priority areas for conifer management as identified 

by MCDA across major ownership groups. The top 3 deciles of priority (8–10) are 

shown. 

Ownership Area (ha) by priority decile 

8 9 10 Top 3 Deciles Percentage 

BLM 764063 183761 9021 956845 52% 

Private 420373 61751 2991 485115 26% 

State Agencies 128533 62856 8239 199629 11% 

USFS 119803 17936 109 137847 7% 

Tribal/BIA 24052 3648 0 27700 2% 

Other Public 30421 3729 30 34180 2% 

Total 1487245 333682 20390 1841317 

Table 3 

Area distribution across states of the highest priority areas for conifer management 

as identified by MCDA within land managed by the BLM. The top 3 deciles of pri- 

ority (8–10) are shown. 

State Area (ha) by priority decile 

8 9 10 Top 3 Deciles Percentage 

AZ 952 0 0 952 0% 

CA 11106 657 0 11763 1% 

CO 19997 424 0 20421 2% 

ID 109830 47677 6683 164190 17% 

MT 128380 34790 20 163191 17% 

NM 213 0 0 213 0% 

NV 53620 2507 0 56127 6% 

OR 61002 1906 0 62908 7% 

UT 27981 11033 1605 40619 4% 

WY 350981 84766 713 436461 46% 

Total 764063 183761 9021 956845 

Table 4 

Area distribution across states of the highest priority areas for conifer management 

as identified by MCDA within the Private ownership group. The top 3 deciles of 

priority (8–10) are shown. 

State Area (ha) by priority decile 

8 9 10 Top 3 deciles Percentage 

AZ 2 0 0 2 0% 

CA 177 0 0 177 0% 

CO 2311 19 0 2330 0% 

ID 21135 7168 2618 30922 6% 

MT 156718 23078 303 180098 37% 

NM 632 0 0 632 0% 

NV 7254 580 0 7834 2% 

OR 3532 30 0 3562 1% 

UT 24178 3535 65 27779 6% 

WY 204434 27340 5 231779 48% 

Total 420373 61751 2991 485115 
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Table 5 

Area distribution of simulated treatment area across ownerships, by treatment sce- 

nario. 

Ownership Treatment area (ha) by scenario 

BAU BAUx2 10yrBAU 10yrBAUx2 

BLM 28502 71123 348314 704037 

Private 6523 15816 137823 331028 

State 21344 37549 99664 158214 

USFS 780 3536 40441 97269 

BIA/Tribal 0 123 7637 18524 

Other public 405 1028 8897 22998 

Total 57554 129174 642777 1332070 

Table 6 

Distribution of simulated treatment area across SEI categories, by treatment sce- 

nario. 

SEI category Simulated treatment scenario 

BAU BAUx2 10yBAU 10yBAUx2 

ORA 0.00% 0.00% 0.02% 0.03% 

GOA 3.41% 3.59% 5.14% 6.96% 

CSA 96.59% 96.41% 94.84% 93.01% 

Table 7 

Estimated years to treat all available area within each category, by scenario. “Cur- 

rent” is based on the current rate of treatment and distribution within cores (23.8%) 

as per Mozelewski et al. (2024) ; “BAU” is based on the same acreage but using 

the prioritization-informed targeting of 96.59% of treatment areas within cores; 

“BAUx2” represents the 2x acreage scenario with a prioritization-informed target- 

ing of 96.41% in cores; and “Core Targeting” represents an optimistic conservation 

scenario outlined by Mozelewski et al. (2024) , with 80% of treatments within cores. 

“Core: High Priority” summarizes the time-to-treat the top quarter of priority areas 

within cores across the biome; “Core: Priority” summarizes the time-to-treat the 

top half of priority areas within cores across the biome. 

Scenario Years to treat 

Core: High priority Core: Priority 

Current 78.19 579.12 

BAU 19.30 142.94 

BAUx2 9.67 71.60 

Core targeting 10.87 80.51 
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cological integrity, low invasive annual grass presence and risk, 

ow conifer cover, and higher landscape-level connectivity. 

The largest portion of the highest priority deciles (8–10) in 

ur prioritization fell within land managed by the Bureau of Land

anagement (BLM; 52%), followed by private ownership (26%) 

 Tables 2–4 ). Approximately 80% of the high priority areas occur-

ing on land managed by the BLM occurs within Idaho, Montana,

nd Wyoming ( Table 3 ). Similarly, the distribution of privately-

wned high priority areas varies greatly by state ( Table 4 ), with

rivate landowners in Wyoming (48%) and Montana (37%) making 

p the bulk of this category. While State agencies only manage 11%

f the total high priority areas, the amount of this area in the 9th

nd 10th deciles is relatively high ( ∼19% and ∼40% of the area in

ach decile, respectively), suggesting that state agencies manage a 

elatively high proportion of areas with the highest MCDA prioriti- 

ation ratings ( Table 2 ). 

Simulated treatment area was a function of the MCDA sce- 

ario used ( Table 5 ), with 1 yr of MCDA-targeted treatments (BAU)

ncompassing ∼57 500 ha, up to 10 yr of treatments using the
AUx2 scenario covering ∼1 332 0 0 0 ha. The BLM held a plural-

ty of simulated treatment areas; 50–55% of treated areas were 

ound on BLM-managed land across scenarios ( Table 5 ). State agen-

ies demonstrated relatively high proportions ( ∼37% and ∼29%) 

f treatment in the single-year treatment scenarios (BAU, BAUx2; 

16%) relative to the 10-yr scenarios (10yBAU, 10yBAUx2; ∼12%) 

 Table 5 ). Private landowners held more simulated treatment area

n the 10-yr scenarios (10yBAU, 10yBAUx2; ∼21% and ∼24%) than 

he single-year scenarios (BAU, BAUx2; ∼11% and ∼12%) ( Table 5 ).

hese contrasts reflect differences in available high priority areas 

or treatment targeting across ownership ( Table 2 ). 

Treatment scenarios resulted in within-core targeting ranging 

rom 93.01% (10yBAUx2) to 96.59% (BAU) ( Table 6 ). Within-core

argeting percentage decreased as the amount of simulated treat- 

ent area increased across scenarios (i.e., from BAU to 10yBAUx2); 

he single-year treatment scenarios had slightly higher within-core 

ercentages (96.49% and 96.41%) than the 10-yr scenarios (94.84% 

nd 93.01%), as a result of more GOA area being selected as more

otal area was available for treatment. 

The implications of this relatively high rate of within-core tar- 

eting were explored by comparing targeting percentages with the 

otal area of “priority” and “high priority” landscapes within CSAs 

top 50% of priority and top 25% of priority, respectively). We es-

imated that at BAU treatment acreages, a prioritization-informed 

argeting strategy would take approximately 19 yr to treat the 

ighest priority within-core areas, and 143 yr to treat all priority

reas ( Table 7 ). These numbers are nearly halved when doubling
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Table 8 

Summary of the study-wide area of gain in SEI as a result of simulated conifer 

treatments, by scenario. 

SEI gain class SEI Gain by simulated treatment (ha) 

BAU BAUx2 10yBAU 10yBAUx2 

ORA to GOA 48 152 1027 2739 

ORA to CSA 0 0 0 0 

GOA improvement 3439 5036 16613 46196 

GOA to CSA 3447 5243 19472 55833 

CSA improvement 5593 8096 32321 102747 

Total 12527 18526 69433 207515 
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s  
he BAU acreage, and this particular scenario (BAUx2) is relatively

lose to the “Core Targeting” scenario outlined by Mozelewski

t al. (2024) ( Table 7 ). Both prioritization-informed scenarios have

 demonstrably shorter time-to-treat than the “Current” scenario, 

hich is based on a proportion of 23.8% of treatment areas within

SAs ( Mozelewski et al., 2024 ). 

Simulated treatments resulted in an increase in SEI ( Table 8 ,

ig. 3 ). The amount of SEI gain was roughly correspondent to

he area treated, with the single year treatment scenarios demon-

trating lower gain than the 10-yr scenarios, and the BAU scenar-

os lower than the doubled acreage scenarios ( Table 8 ). The rel-

tive distribution of SEI gain across SEI categories as outlined in

able 8 remained relatively stable as the amount of treatment area

ncreased (BAU to 10 y BAU x2). 

iscussion 

We produced a collaboratively informed prioritization for 

onifer management to defend and grow CSAs across the sage-

rush biome ( Fig. 1 ). Given the vast extent of the biome (99.1 M

a), large coverage of CSAs (13.5 M ha; Doherty et al., 2022 ), rate

f conifer expansion ( Filippelli et al., 2020 ), and current pace of

onifer management ( Mozelewski et al., 2024 ), better spatial tar-

eting of limited resources is clearly needed to address this sec-

nd leading cause of degradation in sagebrush ecological integrity

 Mozelewski et al., 2024 ). Our work shows defending and growing

SAs is possible with shifts in biome-wide prioritization of conifer

anagement. This may require forging new partnerships across

rivate and public lands in regions where “conservation readiness”

 Wollstein et al., 2024 ) for conifer management at landscape scales

ay not exist and needs to be built. 

Among the most notable patterns emerging from our prior-

tization is the location of the highest priority areas for conifer

anagement ( Fig. 2 , Tables 2–4 ). Many of the top priority areas

dentified are located east of the Rocky Mountains, where concerns

egarding conifer cover in sagebrush systems is largely centered on

uniper and Douglas fir ( Pseudotsuga menziesii ), contrasting with

he broad-scale effort s of sagebrush conservation for much of the

010s which emphasized conifer in priority landscapes primarily

ithin the Great Basin ( Naugle et al., 2024 ). This outcome stems

rom the model inputs and weights prioritizing opportunities

o address early conifer expansion in areas of high ecological

ntegrity, with higher connectivity, and least impacted by invasive

nnual grasses ( Table 1 ). The large-scale spatial shift suggests that

argeted conifer management in the eastern portion of the biome

ay provide more “low-hanging fruit” opportunities today to 

elp achieve SCD goals of defending and growing CSAs. However,

ur work also indicates continued opportunities for improved

argeting in the Great Basin, the need for maintenance of previous

reatments, and the importance of coupling conifer management

ith invasive grass control ( Naugle et al., 2024 ; Smith et al., 2024 ).

BLM and private lands accounted for 78% of the highest pri-

rity areas identified for conifer management ( Table 2 ). The dis-

ribution of these high priority areas across public and private
ands reemphasizes the need to work across ownerships to meet

onservation goals ( Wollstein et al., 2024 ). BLM priority areas

ere primarily located in Wyoming, Idaho, and Montana ( Table 3 ),

hereas private land opportunities were heavily concentrated in

ontana and Wyoming ( Table 4 ). Previous work has demonstrated

he urgency of the issue in Montana where rangelands are be-

ng converted into woodlands and forests at a rate exceeding

8 0 0 0 ha/yr ( Morford et al., 2024 ). Local examples of cross-

oundary collaboration to address this threat are already emerg-

ng in communities like southwestern Montana, providing a model

or others in these states as they seek to scale up management

see: https://www.partnersinthesage.com/sw-montana-geography- 

f-sagebrush). The Natural Resources Conservation Service’s Work- 

ng Lands for Wildlife partnership is also supporting conifer re-

oval east of the Rocky Mountains through technology transfer,

raining, and program funding ( Naugle et al., 2024 ). 

Lands managed by the BLM possessed the plurality of simulated

reatment acreage across scenarios ( Table 5 ), though there were

ifferences in the relative proportions of treatment areas when

oving up from single year to 10 yr scenarios; in the former, state

gencies made up a relatively large portion of available treatment

rea, while in the latter private ownership and the USFS demon-

trated a higher proportional area. This reflects the differences in

bundance of the highest priority areas available for treatment;

tate agencies manage a relatively large portion of the highest pri-

rity areas on the landscape ( Table 2 ), which were preferentially

argeted first in the single-year treatment scenarios. 

Mozelewski et al. ( this issue ) estimate approximately 64 319

ectares of conifer management occurring per year in support

f sagebrush ecosystem conservation, with an estimated 23.8% of

hose actions occurring within CSAs. Our simulated conifer treat-

ents, targeted using our prioritization, demonstrated a much

igher rate of within-core “management,” ranging from 93.01% to

6.59% depending on area targeted ( Table 6 ). Given that ecological

ntegrity was a highly weighted criterion in our analysis ( Table 1 ),

his was both expected and a desirable outcome. Indeed, Naugle

t al. ( this issue ) found a 20% increase in effectiveness when treat-

ents were saturated in a “Defend the Core” strategy, highlighting

he importance of deliberately targeting treatments within CSAs.

ith this in mind, we explored the potential treatment timeline

mpacts of our prioritizations. Relative to the BAU targeting regime

f 23.8%, we found that the prioritization-targeted treatments us-

ng both BAU and doubled treatment areas led to a four- to eight-

old drop in the estimated years to treat currently existing priority

abitat within cores (78.19 yr to 19.30 (BAU) and 9.67 (BAUx2) yr;

able 7 ), the latter even surpassing the optimistic “Core Targeting”

cenario (10.87 yr) outlined by Mozelewski et al. ( this issue ) . 

While this prioritization targeting is demonstrably effective at

ncreasing within-core treatment area, the overall within-core area

s quite large (13.5 M ha) and the highest priority areas are only

 subset of this. Managing the full available area within cores,

hether for conifer removal, prevention, or monitoring would take

onger, and this is evident in the temporal gulf between treating

nly the highest priority areas (19.3 yr) or all priority areas (142.94

r) – the difference is nearly an order of magnitude ( Table 7 ). The

ighest priority areas characterize areas that not only fall within

SAs but are desirable for treatment based on the other criteria in

he analysis: they demonstrate lower conifer cover, less risk from

nvasive annuals both prior to and post-treatment and represent

igh landscape-level connectivity. In the absence of abundant re-

ources to pursue sagebrush conservation efforts, these are fac-

ors that should be considered when planning conifer treatments

 Roundy et al., 2014 ; Bybee et al., 2016 ; Fick et al., 2022 ; Boyd

t al., 2024 ; Naugle et al., 2024 ; Theobald et al., 2024 ). Indeed,

he focus on targeting lower conifer cover areas within core land-

capes as outlined here could potentially allow for more area to
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Figure 1. Conifer management priority as computed by MCDA (30-m resolution). Scale is unitless and represents relative priority. Yellow to green represent priority areas, 

with darker colors representing areas of decreasing priority. Non-rangeland and alpine areas are masked (USGS, 2016; Maestas et al., 2020 ) 
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e treated, as conifer removal effort on lower density sites is less

xpensive than on higher density sites – the latter of which gener-

lly requires mechanical treatment which can be very costly on a

er-area basis (e.g., Stephens et al., 2016 ). This may be tempered by

he fact that our analytical approach does not incorporate the need

or retreatment of treated areas; different areas of conifer removal 

ill require retreatment at varying times based on site-dependent 

actors, and this could affect cost over the long term. Mozelewski

t al. ( this issue ) explore the implications of retreatment in some

etail. 

The prioritization-targeted treatments simulated here resulted 

n improvements in SEI ( Table 8 ; Fig. 3 ), and the relative amount

f improvement was broadly a function of area treated. Given the

ighly targeted nature of the simulated treatments, it follows that 

he majority of improvement in SEI was within CSAs and GOAs,

ith little improvement in ORAs. This intentional targeting sup- 

orts the Defend the Core strategy and has the potential to realize

enefits from saturating treatments within priority areas ( Naugle 

t al., 2024 ; Fig. 3 ). The overall area of SEI improvement was less

han the total area treated. There are two major reasons for this:

rst, the calculation of SEI is performed using a gaussian kernel

t a larger spatial grain than either the prioritization or simulated

reatment datasets (560m vs. 30m), so simulated treatment areas 

ust be large enough to be adequately represented in the moving

indow. Second, SEI is computed based on several factors other 

han conifer cover, including sagebrush cover, perennial herbaceous 

over, invasive annual grasses, and human modification ( Doherty 

t al., 2022 ), so it is possible that even a reduction in conifer threat
ould not be enough to meaningfully increase SEI for a given

rea. 

This conifer prioritization was designed to support conserva- 

ion effort s f ocused on sagebrush ecosystems across the biome;

t differs from previous prioritization effort s by moving beyond 

he single- or multi-species approach (e.g., Runge et al., 2019 ;

eller et al., 2021 ; Reinhardt et al., 2023 ) and instead focusing on

aintaining intact, functional ecosystems as the driving objective 

 Doherty et al, 2022 ). This focus is largely driven by the need to

rotect the remaining intact sagebrush systems distributed across 

he biome given the current rates of degradation ( Mozelewski

t al., 2024 ). Future work, and applications of this framework in

ore geographically restricted areas, may benefit from incorporat- 

ng species-specific conservation criteria as it is relevant to conser- 

ation objectives in order to further refine the prioritization and 

dentify areas that may meet the strategic goals of defending the

ore while also improving habitat for sagebrush-obligate species of 

nterest. 

At the biome level, conifer expansion remains an ongoing threat 

o sagebrush ecosystems ( Maestas et al., 2021 ). It is important,

owever, to note that there is a layer of complexity with respect

o conifer expansion into rangeland systems. Recent work sug- 

ests that there may be impacts of drought and climate change on

ome pinyon pine and juniper species in some areas ( Snyder et al.,

019 ; Shriver et al., 2022 ; Noel et al., 2023 ), but contemporary

emote sensing data clearly illustrate conifer expansion in all but 

he southernmost ecoregions of woodland distribution ( Filippelli 

t al., 2020 ; Allred et al., 2021 ; Kleinhesselink et al. 2023 ; Morford



Conifer Prioritization in Sagebrush Cores / Rangeland Ecology & Management 97 (2024) 51–60 57 

Figure 2. Highest priority (top 3 deciles) conifer management areas (purple), as estimated by the MCDA prioritization. SEI classes shown in dark blue (CSA), light blue (GOA), 

and tan (ORA). 
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(

t al. 2024 ). This apparent contradiction may be a result of com-

lex demographic, site, and stand dynamics interacting with re-

ent climatic changes at multiple scales (e.g., Flake and Weisberg,

019 ; Schultz et al., 2022 ; Schultz et al., 2023 ). Future prioritiza-

ion effort s, especially those which seek to project the changing

patial distribution of priority conifer management areas over time,

hould carefully consider these complex interactions – such effort s

ay be best served by creating separate prioritization models for

ifferent ecoregions. 

Growing conservation concern around pinyon jay ( Gymnorhi-

us cyanocephalus ) is another emerging challenge when consider-

ng how to prioritize conifer management effort s in support of

agebrush conservation ( Boone et al., 2018 ; Zeller et al., 2021 ;

einhardt et al., 2023 ). Our prioritization did not explicitly include

inyon jay as a factor, but the areas we identify as high priority

 Fig. 2 ) have little overlap with pinyon jay strongholds modeled

sing Breeding Bird Survey data (see Tack et al., 2023 ). Local and

egional context are essential when considering potential nontar-

et effects of conifer management to support sagebrush ecosys-

em management. At smaller spatial extents where management

ecisions are geographically confined, such as counties, BLM field

istricts, and other federal properties ( Doherty et al., 2024 ), deci-

ionmakers and managers – particularly in central Nevada or Utah

here priority areas for conifer management may intersect with

inyon jay strongholds ( Tack et al., 2023 ) — may wish to consider

 holistic conifer management approach that includes restoration

bjectives tailored specifically to sagebrush rangelands and pinyon-

uniper woodlands or pinyon jay habitats ( Maestas et al. 2021 ).
ndeed, it is important to recognize that land managers, particu-

arly at the local scale, have a wide variety of management objec-

ives to address. Conifer management objectives may include sage-

rush ecosystem conservation, but also factors such as fuel reduc-

ion or disease. Other conservation concerns, including pinyon jay,

ronghorn, pinyon-juniper woodland health, persistent woodland 

onservation, etc., will also be a part of management planning and

ecision making at the local level ( Wollstein et al., 2024 ). 

mplications 

Our work builds upon an evolving history of strategic conifer

anagement across the sagebrush biome over the last two decades

 Reinhardt et al., 2023 ) by stepping up the focus from individual

pecies to the ecosystem itself ( Doherty et al., 2022 ). The priori-

ization was created with collaborative input from experts across

atural resource fields and represents a framework for targeting

imited resources to address conifer expansion. The highest pri-

rity areas identified here directly support the Defend the Core

trategy, as illustrated by the placement and impact of simulated

onifer treatments targeted using the prioritization. Deliberately 

argeted treatments in areas with low conifer cover and low risk

f annual grass invasion represent the highest value for conserva-

ion resources directed at conifer management, and this tactic is

urther strengthened by saturating treatments within high priority

andscapes ( Naugle et al., 2024 ) and across ownership boundaries

 Smith et al., 2024 ). 
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Figure 3. SEI classes and locations of simulated conifer treatments for 10 yr of BAU acreage (A.) and SEI improvements as a result of simulated treatments (B.). The focal 

area is eastern Idaho and southwestern Montana, an area of especially high concentration of high priority areas for conifer management. 
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Our prioritization of conifer treatments in the sagebrush biome 

rovides a tool for resource managers to strategically target treat- 

ent areas that are more likely to be effective at improving

andscape-scale rangeland conditions, as measured here using SEI. 

he scale and impact of past conservation effort s has been insuf-

cient to halt the spread of conifer encroachment and associated 

oss of sagebrush rangelands ( Mozelewski et al., 2024 ) in all but

 few landscapes ( Naugle et al., 2024 ). Strategic prioritization of

onservation effort s will be required to retain the highest qual-

ty sagebrush cores, even under scenarios accounting for substan- 

ial increases in conservation volume. By leveraging a collabora- 

ively informed model that includes multiple conservation targets, 

ur work represents an opportunity to improve how the conserva- 

ion community delivers treatments from biome-wide to regional 

cales. 

This work comes with a caveat common to many modeling ef-

orts that seek to combine multiple distinct datasets: layers of un-

ertainty. Data with origins on the Rangeland Analysis Platform 

ave known levels of uncertainty ( Allred et al., 2021 ), which may

e compounded by additional analyses such as those used to cre-

te the individual components of this prioritization. This makes it 

specially important to emphasize that this work, like any decision 

upport tool, should not be used as the sole consideration in plan-

ing effort s. Instead, this work should be used to aid decisionmak-

rs and augment local knowledge set within regional context to 

nform management decisions. In many cases, this framework may 
eed to be adjusted in partnership with local managers to meet

ocal needs. Indeed, this matches the current technology transfer 

trategy for the Sagebrush Conservation Design effort ( Olimpi et al.,

024 ). Future work in the sagebrush biome conifer management 

rioritization space could improve upon this effort and minimize 

ncertainty by partnering with local managers across the biome to 

alidate predictions and seek to quantify this uncertainty at every 

tep of data development. 

Recent sagebrush restoration actions targeting conifers have 

argely focused efforts on the Great Basin ( Reinhardt et al., 2020 ;

ozelewski et al., 2024 ; Naugle et al., 2024 ), but our prioritiza-

ion identified the largest area of highest priorities in the eastern

nd northern portions of the sagebrush biome ( Fig. 2 ). This sug-

ests that the “low hanging fruit” opportunities today are located 

n areas characterized by high SEI and early-stage conifer encroach- 

ent, as opposed to working in landscapes impacted by multiple 

hreats where treatment costs are higher, and chances of success 

re more limited. This work does not attempt to make any state-

ents about the relative importance of conifer management in any 

iven area, but instead is explicitly a prioritization in terms of the

defend the core” strategy outlined in Doherty et al. (2022) . Our

rioritization can be used alongside multiple complementary tar- 

eting tools ( Bedrosian et al., 2024 ; Boyd et al., 2024 ; Cross et al.,

024; Holdridge et al., 2024, Theobald et al., 2024 ) to support an

cosystem-based approach to defending and growing intact sage- 

rush rangelands. 
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