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a b s t r a c t 

The US Bureau of Land Management (BLM) manages nearly 1 million km 

2 of public lands that support 

recreation, livestock production, and wildlife habitat. Monitoring the condition of vegetation on these 

lands is crucial for sound management but has historically been difficult to do at scale. Here we used 

newly developed remote-sensing tools to conduct an unprecedented assessment of trends in vegetation 

cover and production for all BLM rangelands from 1991 to 2020. We found widespread increases in cover 

and production of annual grasses and forbs, declines in herbaceous perennial cover, and expansion of 

trees. Cover and production of annual plants now exceed that of perennials on > 21 million ha of BLM 

rangeland, marking a fundamental shift in the ecology of these lands. This trend was most dramatic in 

the Western Cold Desert of Nevada and parts of surrounding states where aboveground production of 

annuals has more than tripled. Trends in annuals were negatively correlated with trends in bare ground 

but not with trends in perennials, suggesting that annuals are filling in bare ground rather than displac- 

ing perennials. Tree cover increased in half of ecoregions affecting some 44 million ha and underscoring 

the threat of woodland expansion for western rangelands. A multiscale variance partitioning analysis 

found that trends often varied the most at the finest spatial scale. This result reinforces the need to 

combine plot-level field data with moderate-resolution remote sensing to accurately quantify vegetation 

changes in heterogeneous rangelands. The long-term changes in vegetation on public rangelands argue 

for a more hands-on approach to management, emphasizing preventative treatment and restoration to 

preserve rangeland habitat and functioning. Our work shows the power of new remote-sensing tools for 

monitoring public rangelands and developing effective strategies for adaptive management and conserva- 

tion. 

© 2022 The Authors. Published by Elsevier Inc. on behalf of The Society for Range Management. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Rangelands cover half of earth’s terrestrial surface and provide

ildlife habitat, areas for recreation, food production, carbon stor-

ge, flood control, and water purification ( Havstad et al. 2007 ). In

he western United States, the Bureau of Land Management (BLM)

versees > 945 0 0 0 km 

2 of land ( Dombeck 1996 ), of which most
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Table 1 

Summary of allotment data used in the analysis. Number of Bureau of Land Management districts, field offices and grazing allotments, total allotment area, average allotment 

area, and percent land ownership within allotments is given for each ecoregion. Nonrangeland area masked out before analysis is given in % Masked. 

Ecoregion Districts Field offices Allotments Total area 

(10 6 ha) 

Avg. area (ha) % BLM % Private % Other % Masked 

AZ/NM 

Highlands 

7 12 562 2.50 4,446 40 32 27.5 1.3 

E Cold Deserts 20 37 4,574 23.20 5,072 69 19 10.4 0.8 

Forested Mts 32 67 5,086 8.26 1,623 55 33 10.0 1.3 

Marine West 

Coast Forest 

3 4 10 0.01 521 89 5 0.1 6.2 

Mediterranean 

California 

3 7 232 0.43 1,842 54 40 0.4 5.8 

N Great Plains 5 14 5,066 11.82 2,334 27 60 7.2 6.5 

S Great Plains 6 9 839 2.51 2,990 29 55 15.6 1.1 

W Cold Deserts 19 38 3,471 34.74 10,008 83 12 3.5 1.3 

Warm Deserts 12 21 1,171 10.91 9,315 63 15 19.2 2.4 

Total 43 ∗ 109 ∗ 21,011 94.37 4,491 65 24 9.0 2.0 

∗Total number is less than the sum of values in the table as the same field office or district may have allotments in more than one ecoregion. 

Figure 1. Map of Bureau of Land Management (BLM) rangelands included in the analysis. Filled regions show BLM allotments colored by ecoregion. Lines display state and 

field office boundaries. 
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s rangeland. The management of BLM lands is divided among 10

tate-level offices, 120 regional field offices excluding Alaska and 

he eastern United States, and > 21 0 0 0 local grazing allotments

 Table 1 ; Fig. 1 ). Rangelands across western North America are be-

ng altered by tree expansion ( Ratajczak et al. 2012 ; Nackley et al.

017 ), annual plant invasions ( Coates et al. 2016 ), increased wild-
aded From: https://complete.bioone.org/journals/Rangeland-Ecology-and-Management
f Use: https://complete.bioone.org/terms-of-use
res ( Li et al. 2021 ), and climate change ( McIntosh et al. 2019 ;

rookshire et al. 2020 ); understanding these changes calls for a

ultiscale assessment of vegetation trends across all BLM range- 

ands. 

Vegetation monitoring provides data essential to understand- 

ng the causes and consequences of environmental change ( McCord 
 on 08 Jul 2025
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Figure 2. Three spatial scales of vegetation trend analysis. A, Each ecoregion (e.g., Western Cold Deserts) contains many Bureau of Land Management (BLM) field offices, 

boundaries shown with thin gray lines. B, A single field office (blue outline in A) contains dozens to hundreds of grazing allotments, boundaries shown with white lines. C, 

A single grazing allotment (blue outline in B) with 3 yr of Rangeland Analysis Platform (RAP) cover data. Each BLM grazing allotment contains many thousands of individual 

30-m RAP cover and production pixels. 
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nd Pilliod 2022 ) and has long been central to sustainable graz-

ng management and restoration ( West 2003 ; Jones et al. 2020 ;

achergis et al. 2022 ). Monitoring requires the repeated collec-

ion of vegetation data at the same locations so that trends, di-

ectional changes in vegetation over time, can be assessed ( West

003 ; Toevs et al. 2011b ). Quantifying vegetation trends on BLM

angelands is often a prerequisite for developing and implement-

ng resource management plans that meet the agency’s multiple

se and sustained yield mandates under the Federal Land Pol-

cy and Management Act ( Federal Land Policy and Management

ct 1976 ). Collecting sufficient data to quantify vegetation trends

cross BLM rangelands is inherently a challenge due to their het-

rogeneity and enormous area. Indeed, during the latter half of the

0th century, the adequacy of BLM vegetation data became a point

f contention among grazing permittees, environmental advocacy 

roups, and government staff ( Fernandez-Gimenez et al. 2005 ) and

ederal audits repeatedly recommended that the BLM improve and

xpand monitoring ( GAO 1992 ). This issue persisted into recent

ears, when a review found that monitoring data for many BLM

llotments were missing or incomplete ( Veblen et al. 2014 ). 

Recognizing the need for more consistent vegetation data, in

011 the BLM began an ambitious data collection program for its

ands: the Assessment, Inventory and Monitoring (AIM) strategy

 Toevs et al. 2011a ; Kachergis et al. 2022 ). The AIM strategy defined

 standard set of monitoring protocols and a rigorous approach for

angeland monitoring so that the data being collected could inform

ecision making across local, regional, and national scales ( Toevs et

l. 2011b ; Taylor et al. 2014 ). Since implementation, nearly 50 0 0 0

lots have been monitored using standardized AIM field methods.

hese data have expanded the capacity for scientists and rangeland

anagers to evaluate the effectiveness of land management plans,

dentify critical habitat, and monitor the effects of global change

 Kachergis et al. 2022 ). Combined with the Natural Resources Con-

ervation Service’s National Resource Inventory (NRI), which ap-

lies the same standardized methods to private lands, data on the

tatus of rangeland vegetation are now available at > 80 0 0 0 loca-

ions across the western United States ( Spaeth et al. 2003 ). 
d From: https://complete.bioone.org/journals/Rangeland-Ecology-and-Management on 
se: https://complete.bioone.org/terms-of-use
One of AIM’s principal goals is to collect field data that can

nform the development of new remote-sensing (RS) technology

 Boyte et al. 2019 ; Jones et al. 2020 ; Allred et al. 2021 ; Rigge et

l. 2021 ). Field data from AIM and NRI have been instrumental in

raining and validating RS algorithms that translate moderate reso-

ution satellite reflectance data into estimates of rangeland cover

nd production ( Allred et al. 2021 ; Rigge et al. 2021 ). New RS

roducts complement field-based monitoring with advantages that 

vercome some of the limitations inherent to field-based data col-

ection ( West and Wu 2003 ). In particular, RS data provide new op-

ortunities to measure vegetation trends at the most appropriate

patial scales for management ( Kachergis et al. 2022 ): at the ecore-

ion scale ( Fig. 2A ), assessing vegetation trends across BLM lands

lays an important role in planning biome-scale conservation; at

he field office scale (see Fig. 2B ), comparing trends between lo-

al units of land management such as grazing allotments can help

dentify areas for restoration; and at the local scale (see Fig. 2C ),

LM field staff may examine trends in cover within a single pas-

ure, grazing allotment, or project boundary to understand patterns

f grazing pressure, annual grass invasion, woody plant encroach-

ent, or postfire recovery ( Toevs et al. 2011a ). Moreover, RS data

oing back to the 1980s may be the only source of long-term veg-

tation data for BLM allotments with limited historical field sam-

ling. 

Here we use recently developed 30-m RS products to mea-

ure trends in vegetation cover and aboveground production on

LM rangelands between 1991 and 2020. Our analysis of vegetation

rends is organized around four spatial scales relevant to the ecol-

gy and management of BLM rangelands: ecoregions, field offices,

ndividual grazing allotments, and 30-m remote sensing pixels (see

ig. 2 ). Our objectives were to 1) measure trends in vegetation

over and rangeland production at the ecoregion scale; 2) quantify

ariance in trends within ecoregions at the field office, allotment,

nd pixel scales; 3) investigate correlations between trends at each

cale; and 4) discuss the implications of our results for the man-

gement of BLM rangelands. 
08 Jul 2025



4 A.R. Kleinhesselink, E.J. Kachergis and S.E. McCord et al. / Rangeland Ecology & Management 87 (2023) 1–12 

M

S

g

e

i  

a  

a

t

C

e

W  

W

g  

T

 

r

b

l  

d  

l

B  

t  

l  

a  

(  

a  

a

2  

T

c

R  

f

a  

d  

f  

s  

fi  

s

m  

I  

d

g

l  

u  

t

L  

l  

e  

t  

a

M

t

g  

y

e  

f

y  

w  

g  

r  

fi  

c  

a

v  

e

w  

0  

m

c

A

l

s

w  

o  

t

“  

n

n

S

w

t  

t  

t

y  

w

t  

s  

l  

t

(  

t

p  

d

e

m

C

b

g

fi  

l

d  

t

(

u

n

o

r  

s

S

t  

b

t  

Downlo
Terms o
ethods 

patial data collection and processing 

We downloaded publicly available boundary data for all BLM 

razing allotments, BLM field offices, and EPA ecoregions from gov- 

rnment websites (Appendix A, Table A1). We used geoprocess- 

ng tools in R and QGIS to remove duplicate allotment boundaries

nd removed allotments < 1 ha in area ( R Core Team 2022 ). We

ssigned each allotment to one of nine ecoregions derived from 

he EPA ecoregion levels I −III: AZ/NM Highlands, Marine West 

oast Forests, Eastern Cold Deserts, Forested Mountains, North- 

rn Great Plains, Southern Great Plains, Mediterranean California, 

arm Deserts, and Western Cold Deserts (see Fig. 1 ; Table A2).

e excluded allotments from the Marine West Coast Forest ecore- 

ion from further analyses due to small sample size and area (see

able 1 ). 

We use BLM grazing allotments as a practical unit for summa-

izing local-scale rangeland trends in our analysis. While allotment 

oundaries are delineated by the BLM grazing program, the public 

ands within them are open to and managed for multiple uses. We

o not evaluate the effects of livestock grazing or any other specific

and use. Allotments often include private rangelands surrounding 

LM parcels, and we used data from the US Geological Survey Pro-

ected Areas Database (PAD-US) to find the area of BLM and private

ands within each allotment. Allotments averaged 4 491 ha in area

nd comprised 65% BLM, 24% private, and 9% other public lands

see Table 1 ). We retained private lands within allotment bound-

ries in our analysis so that trends are representative of these local

dministrative units. After processing, the allotment data included 

1 011 grazing allotments totaling 94.37 10 6 ha of rangeland (see

able 1 ). 

We used estimates of vegetation cover and aboveground herba- 

eous production from the Rangeland Analysis Platform (RAP). The 

AP uses machine learning to estimate cover of annual grasses and

orbs (annuals), herbaceous perennial grasses and forbs (perenni- 

ls), shrubs, trees, and bare ground, as well as aboveground pro-

uction of annuals and perennials in kg ha −1 on US rangelands

rom 30-m RS data ( Allred et al. 2021 ; Jones et al. 2021 ). As de-

cribed in Jones et al. (2018) , RAP cover estimates correspond to

rst-hit cover as measured by the AIM and NRI protocols and

pecies are grouped according to characteristics in the US Depart- 

ent of Agriculture (USDA) plants database ( USDA, NRCS 2018 ).

n the remainder of the paper, we refer to RAP cover and pro-

uction categories (i.e., annuals, perennials, shrubs, trees, and bare 

round) as vegetation functional groups. We masked out nonrange- 

ands and areas of hay, alfalfa, and idle cropland within allotments

sing the National Land Cover Database ( Homer et al. 2020 ) and

he USDA National Agricultural Statistics Service Cropland Data 

ayer ( USDA NASS 2016 ). After masking, we calculated allotment-

evel average cover and production using the RAP v.3.0 dataset for

ach yr from 1986 to 2020. Masking and allotment-level vegeta-

ion averages were calculated in Google Earth Engine ( Gorelick et

l. 2017 ). 

odeling long-term vegetation trends 

We analyzed long-term trends in vegetation cover and produc- 

ion using separate linear mixed-effects models for each functional 

roup. We fitted fixed effects for ecoregion and time (calendar

ear) and their interaction (year by ecoregion). Mixed-effects mod- 

ls were fitted with the lme4 package ( Bates et al. 2015 ) using the

ollowing model formula in lme4 notation: 

 ∼ E + t + E : t + (t | E : O ) + (t | A ) , (1)
aded From: https://complete.bioone.org/journals/Rangeland-Ecology-and-Management
f Use: https://complete.bioone.org/terms-of-use
here y is yearly allotment-level cover or production, E is ecore-

ion, t is year, O is BLM field office, and A is allotment. We included

andom intercepts and slopes at the level of allotment and BLM

eld office nested within the ecoregion. For each model, we in-

luded 30 yr of data from 1991 to 2020. We log-transformed cover

nd production values before analysis. To avoid log-transforming 

alues of zero, we excluded allotments that for any year had av-

rage cover of < 0.25%; in the herbaceous production models, 

e excluded allotments that for any year had production of <

.25 kg ha −1 . This resulted in dropping several hundred allot-

ents from most analyses and several thousand from the annual 

over and production and tree cover models (see Table A3-A9). 

dding a small increment to cover and production values before 

og-transformation and including all allotments in the analyses re- 

ulted in similar trend estimates. To avoid identifiability problems, 

e excluded a handful of allotments from field offices that had

nly a single allotment. After fitting models, we extracted trend es-

imates and 95% confidence intervals for each ecoregion using the 

emmeans” package in R ( Lenth 2022 ). We interpret trends as sig-

ificant when 95% confidence intervals for an ecoregional trend do 

ot overlap zero. 

patial heterogeneity in vegetation trends across scales 

To quantify spatial variation in vegetation trends across scales, 

e fit separate linear-mixed effects models for cover and produc- 

ion of each functional group as described in the Modeling long-

erm vegetation trends section but with an additional term to cap-

ure variance in trends at the pixel scale: 

 ∼ E + t + E : t + (t | E : O ) + (t | A ) + (t | P ) , (2)

here P identifies individual pixels as a grouping factor. Fitting 

his model to all pixels within all BLM allotments was prohibitively

low, so we used a subset of data. We randomly selected 2069 al-

otments ( ∼10% of total) and extracted yearly cover and produc-

ion values from eight randomly selected 30-m pixels within each 

 n = 16 541). As in the allotment-level analysis, cover and produc-

ion values were log-transformed before analysis, and we excluded 

ixels that had fewer than 20 yr of nonzero cover and production

ata. After fitting the models, we extracted group-level variance 

stimates for vegetation trends (slopes) at the field office, allot- 

ent, and pixel-scales. 

orrelations between vegetation trends across scales 

At each of the four spatial scales, we examined correlations 

etween cover trends for annuals, herbaceous perennials, bare 

round, and shrubs. Trend estimates for each ecoregion, field of- 

ce, and allotment were drawn from models fitted in the Modeling

ong-term vegetation trends section. Trend estimates for pixels were 

rawn from the models fitted in the Spatial heterogeneity in vege-

ation trends across scales section. We used random effects slopes 

Best Linear Unbiased Predictions) as trend estimates for individ- 

al field offices, allotments, and pixels. Since random effects were 

ested, (pixels in allotments, allotments in field offices and field 

ffices in ecoregions), vegetation trend estimates at each scale rep- 

esent the residual trend not captured by trends at larger spatial

cales. 

upplemental analyses of annual invasion and woodland expansion 

We performed three post-hoc analyses to further investigate 

rends in annual plants and trees. First, we quantified the num-

er and proportion of allotments with average cover and produc- 

ion of annuals greater than that of perennials for each ecoregion
 on 08 Jul 2025
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or each decade. Second, we conducted a follow-up nonparamet-

ic test of tree cover trends among all allotments (including those

elow the 0.25% cover threshold used in the Modeling long-term

egetation trends section). We report the number and proportion

f allotments in each ecoregion with positive and negative trends

n tree cover as determined by the Mann-Kendall test for signifi-

ant trends ( P < 0.05). Thirdly, we used field data from the AIM

rogram to identify which annual and tree taxa were most com-

on in each ecoregion. This does not directly reveal which species

re responsible for trends but can provide context for interpreting

S trends in overall annual and tree cover. 

esults 

tatus and trends of vegetation cover and production by ecoregion 

Herbaceous perennial vegetation dominated allotments in the 

Z/NM Highlands, Northern Great Plains, Southern Great Plains,

orested Mountains, and Western Cold Deserts ( Fig. 3 ). Bare ground

over was dominant or codominant in Eastern Cold Deserts and

arm Deserts, while annuals dominated Mediterranean California.

verage shrub cover of allotments was > 10% in all ecoregions ex-

ept for the Northern Great Plains. Average tree cover was below

0% in all ecoregions except for the Forested Mountains ( ∼15%).

verage herbaceous perennial cover and aboveground production 

ere generally several times that of annuals in all ecoregions ex-
 c  

igure 3. Mean vegetation cover of Bureau of Land Management allotments from 1991 to

roup. Colored ribbons show interquartile range of allotment-level average cover. Trend l

cale. 

d From: https://complete.bioone.org/journals/Rangeland-Ecology-and-Management on 
se: https://complete.bioone.org/terms-of-use
ept Mediterranean California, where annuals were dominant (see

igs. 3 and 4 ). 

We found positive trends in annual cover and aboveground pro-

uction in all ecoregions (see Figs. 3 and 4 ). In contrast, there were

eclining trends in perennial cover in all ecoregions except the

orthern Great Plains—with the most rapid declines in Mediter-

anean California and Warm Deserts (see Fig. 3 ). Perennial pro-

uction trends were negative in the Eastern Cold Deserts, Forested

ountains, Mediterranean California, Western Cold Deserts, and 

arm Deserts (see Fig. 4 ). Bare ground cover was declining in four

coregions, most rapidly in the Northern Great Plains and Western

old Deserts, but has increased slightly in Mediterranean Califor-

ia (see Fig. 3 ). Woody shrub cover declined in the Western Cold

eserts but increased in the Northern Great Plains and Mediter-

anean California (see Fig. 3 ). Since we modeled log-transformed

over and aboveground production, the trend coefficients (slopes)

hown in Figure 5 can be interpreted as annual proportional rates

f change. For example, a 0.028 rate of increase for annual grass

over in the Western Cold Deserts (see Fig. 5 ) indicates an increase

f 2.8% per yr, equivalent to a doubling of cover in 25 yr. 

The number of allotments with annual cover and production

reater than herbaceous perennials has increased over time in

he AZ/NM Highlands, Eastern Cold Deserts, Forested Mountains,

editerranean California, Western Cold Deserts, and Warm Deserts

see Tables A10, A11). And across all ecoregions, the proportion

f allotments with annual cover surpassing that of perennials in-

reased from 4.9% ( n = 1 025) in the 1990s to 11% ( n = 2 320) dur-
 2020. Each column shows a separate ecoregion and each row a separate functional 

ines from the mixed effects models are shown where significant. Y-axis is on a log 
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Figure 4. Mean aboveground herbaceous production of Bureau of Land Management allotments from 1991 to 2020. Each panel shows a separate ecoregion. Colored ribbons 

show interquartile range of allotment-level average aboveground production for annuals and herbaceous perennials separately. Trend lines from the mixed effects models 

are shown where significant. Y-axis is on a log scale. 
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ng the past decade. This shift to annual dominance was most

ramatic in the Western Cold Deserts of Nevada and surrounding 

tates, where more than a third of allotments ( n = 1 277), repre-

enting some 18.2 million ha, now have more annual than peren-

ial cover. Likewise, nearly one quarter of allotments in the West-

rn Cold Deserts now have more production from annuals than 

erennials (see Table A11). The AIM data from 31 908 plots lo-

ated within 6 744 allotments showed that exotic bromes such as

heatgrass (Bromus tectorum) and Japanese brome (Bromus japon- 

cus/arvensis) were common in many ecoregions (see Table A12). 

or example, in the Western Cold Deserts, Northern Great Plains, 

nd Eastern Cold Deserts, exotic annual bromes were found in 94%,

5%, and 65% of allotments, respectively. Native annuals were dom- 

nant in three ecoregions: the AZ/NM Highlands, Southern Great 

lains, and Warm Deserts. 

The average tree cover of allotments increased in the East- 

rn Cold Deserts, Forested Mountains, Northern Great Plains, and 

estern Cold Deserts (see Fig. 3 ). In the Northern Great Plains, tree

over increased at a rate of 2.2% per year, nearly doubling from

.8% cover in the early 1990s to 3.5% cover in the past few years

see Fig. 5 ). Nonparametric tests showed that 52% of all allotments

ad increases in tree cover and only 5% had decreases (see Table

13). In the Northern Great Plains and Forested Mountains, tree 

over increased in 65% and 60% of allotments, respectively. Notably, 

editerranean California was the only region where there were 

ore declines than increases in tree cover. Field data from AIM

howed that native conifers were the most common trees in many

coregions (see Table A14). Junipers (e.g., Juniperus monosperma, J. 

steosperma, J. occidentalis, J. scopulorum ) were found on 30 −50% of

llotments in the AZ/NM Highlands, Eastern Cold Deserts, Forested 

ountains, Southern Great Plains, and Western Cold Deserts and 

n nearly one fifth of allotments in the Northern Great Plains.

esquite species (Prosopis glandulosa, P. veletuna) were also preva- 

ent in the AZ/NM Highlands, Warm Deserts, and Southern Great 

lains. 

patial heterogeneity in vegetation trends at field office, allotment, 

nd pixel-scales 

Average vegetation trends reported for each ecoregion bely con- 

iderable variation in trends at field office, allotment, and pixel 

cales ( Fig. 6 ). Except for annuals, trends varied more between

ixels within the same allotment than between allotments in the 

ame field office, or between field offices in the same ecoregion.

rend variance was especially pronounced for tree cover trends, 

nd 59% of group-level variance occurred at the pixel scale. Trends

or annual cover and production were unique in having proportion- 
aded From: https://complete.bioone.org/journals/Rangeland-Ecology-and-Management
f Use: https://complete.bioone.org/terms-of-use
lly more variance at the allotment scale and less at the pixel scale.

ompared with cover trends, production trends showed a higher 

roportion of variance at the field office scale. 

orrelations between vegetation trends across scales 

We further examined correlations between trends for different 

unctional groups ( Fig. 7 ). Annual cover trends were negatively cor-

elated with bare ground trends at the ecoregion, field office, allot-

ent, and pixel scales, with the strongest correlations at the ecore-

ion and field office scales (see Fig. 7A −D). Annual and herbaceous

erennial trends were positively correlated at the field office, allot- 

ent, and pixel scales (see Fig. 7F −H). Annual trends were weakly

egatively correlated with shrub trends at the allotment and pixel 

cales (see Fig. A1A). Bare ground trends were negatively correlated 

ith perennial trends and positively correlated with shrub trends 

t subecoregion scales (Fig. A1B and C). The correlation between 

hrub and perennial trends was negative at the field office scale

ut switched to positive at the pixel scale (Fig. A1D). 

iscussion 

New RS tools enabled us to conduct an unprecedented mul- 

iscale assessment of trends in vegetation cover and production 

n all rangeland grazing allotments administered by the BLM—

ncompassing > 10% of the contiguous United States. Trends re- 

ealed striking increases in cover and production of annual grasses 

nd forbs and widespread expansion of trees. Emblematic of this 

apid invasion was a doubling of allotments in which annual cover

nd production now exceed that of herbaceous perennials (Tables 

10 and A11). Correlations between trends provide inference that 

ncreases in annual cover have driven a loss of bare ground in

everal ecoregions, with annuals invading the interstitial areas be- 

ween larger perennials and shrubs (see Fig. 7A ). Tree cover also

apidly expanded in many ecoregions, particularly in the North- 

rn Great Plains, where it will increase from 3.5% to 6.8% by 2050

f current trends continue (see Figs. 3 and 5 ). The preponderance

f variance in trends at the suballotment scale reinforces the idea

hat rangelands are defined by their heterogeneity in space and 

ime (see Fig. 6 ). Remotely sensed vegetation data provide vital in-

ormation for understanding the threats facing BLM rangelands and 

esigning effective management strategies to confront them. 

rends in vegetation cover and production by ecoregion 

Our BLM-specific analyses reinforce the vexing challenge of 

anaging annual plant invasions on western rangelands ( Maestas 
 on 08 Jul 2025
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Figure 5. Vegetation cover and aboveground production trends for Bureau of Land Management allotments from 1991 to 2020 estimated by mixed-effects models. Trend 

magnitudes are shown on the x-axis surrounded by 95% confidence intervals. Trends represent annual rate of change in log cover (left) or log aboveground production (right). 
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t al. 2022 ; Tarbox et al., 2022 ). The continued increase in annual

over and loss of bare ground is evidence that rangelands are ac-

umulating fine fuels that can further increase wildfire ( Davies et

l. 2012 ; Smith et al. 2022a ). Exacerbating frequency and severity

f wildfires can devastate ecosystems by removing keystone plants

e.g., big sagebrush Artemisia tridentata ) and imperiling endemic

ildlife such as greater-sage grouse ( Centrocercus urophasianus;

oates et al. 2016 ). Even though exotic annuals began invading

estern rangelands over a century ago ( Mack 1981 ), their contin-

ed spread shows little evidence of slowing ( Smith et al. 2022b ). 

While annuals are not the dominant vegetation group in most

coregions, a growing number of allotments now have annual

over and production exceeding that of perennials. Today, annuals

re the dominant herbaceous component on 1 691 allotments en-
d From: https://complete.bioone.org/journals/Rangeland-Ecology-and-Management on 
se: https://complete.bioone.org/terms-of-use
ompassing 21 million ha of rangeland (Tables A10 and A11). The

ost dramatic rise in annuals was in the Western Cold Deserts of

evada and parts of adjoining states where annual aboveground

roduction more than tripled from roughly 90 kg ha −1 in the early

990s to > 300 kg ha −1 over the past few years (see Fig. 4 ). This

orresponds to an increasing trend of nearly 5% per year and high-

ights the growing amount of fine fuel available for destructive

ildfires (see Fig. 5 ). In ecoregions where annual cover was in-

reasing most rapidly, exotic bromes such as cheatgrass were the

ost common annual species in AIM field data (Table A12)—strong

vidence that these species are driving increases in annual cover.

limate change, specifically regional warming, may be facilitating

he invasion of exotic annuals into higher elevations and cooler cli-

ates ( Compagnoni and Adler 2014 ; Blumenthal et al. 2016 ; Smith
08 Jul 2025
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Figure 6. Estimated variance in vegetation trends at three spatial scales. Text 

within bars shows percent of group-level variance found at each scale. Trend vari- 

ances are estimated from mixed effects models fit to log-transformed cover or 

aboveground production. 
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t al. 2022b ). However, hotter and drier conditions may be detri-

ental at lower elevations ( Larson et al. 2017 ). 

Another more subtle yet concerning set of results were 

idespread loss of herbaceous perennial cover and production (see 

ig. 5 ). Perennial grasses and forbs play a central role in forage

roduction, carbon storage, biodiversity, and as indicators of over- 

ll rangeland health ( West 2003 ; Pellant et al. 2005 ; Koteen et al.

011 ). The epicenters of perennial loss were in Mediterranean Cal-

fornia and the Warm Deserts (see Fig. 5 ). In Mediterranean Cali-

ornia, perennial production has declined at a rate of 5.9% per year

nd is roughly one seventh what it was 30 yr ago (see Figs. 4 and

 ). Our findings are consistent with a loss of cover and mortal-

ty of perennial herbs and bunchgrasses after prolonged drought in 
igure 7. Correlations between cover trends (x-axis) for annuals and bare ground ( A −D ) 

ave been rescaled between 0 and 1 to facilitate visual comparison. Trends for ecoreg

llotment-level average cover. Pixel-level trends are from the mixed-effect models fit co

rends with a significant correlation at P < 0.05 level. 

aded From: https://complete.bioone.org/journals/Rangeland-Ecology-and-Management
f Use: https://complete.bioone.org/terms-of-use
he Southwest and elsewhere ( Munson et al. 2013 ; Brookshire and

eaver 2015 ; McIntosh et al. 2019 ; Winkler et al. 2019 ; Williams

t al. 2022 ). The exception to perennial declines was in the North-

rn Great Plains, where a lengthened growing season and in- 

reased CO 2 concentrations could be offsetting the detrimental ef- 

ects of heat or drought ( Reeves et al. 2014 ; Hufkens et al. 2016 ;

rookshire et al. 2020 ). 

Despite a strong shift from perennial to annual dominance in 

any allotments (Tables A10 −11), we did not find strong evi-

ence that increases in annuals were directly responsible for de- 

lines in perennials. In general, areas with more rapid increases 

n annuals tended to show slower declines in perennials (positive 

orrelations in Fig. 7E −H). This result is counter to the pattern

e would expect if these groups strongly limited one another’s 

bundances ( Humphrey and Schupp 2004 ; Parkinson et al. 2013 ;

eisner et al. 2013 ; Chambers et al. 2016 ). To explain this, we hy-

othesize that perennials and annuals often respond similarly to 

ariation in climate. For instance, if both perennials and annu- 

ls are water limited, they may show correlated trends across re-

ions that have become drier or wetter over the past three decades

 Munson et al. 2013 ; Larson et al. 2017 ). Positive correlations be-

ween trends were strongest at the field office scale, (see Fig. 7 ), a

attern that supports a role for climate variation rather than local

nteractions. 

The proliferation of trees on BLM rangelands (see Fig. 3 ) is con-

istent with other studies showing the widespread expansion of 

rees into rangelands, both in the United States and worldwide 

 Nackley et al. 2017 ; Filippelli et al. 2020 ; Morford et al. 2022 ). In

rid regions of North America, the expansion of native conifers into

angelands has been attributed to wildfire suppression and natu- 

al and anthropogenic climate change ( Miller et al. 2008 ; Romme

t al. 2009 ). Tree cover expansion can reduce plant species rich-

ess ( Ratajczak et al. 2012 ) and habitat for wildlife that depend
or between annuals and herbaceous perennials ( E −H ) at four spatial scales. Trends 

ions, field offices, and allotments are estimated from mixed-effects models fit to 

ver at the individual pixel-scale. Blue lines and Pearson’s r are shown for pairs of 

 on 08 Jul 2025
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Figure 8. Trends in annual cover ( A −C ) and tree cover ( D −F ) across three management scales. A, Field office-scale trends in annual cover across the western Cold Deserts. B, 

Allotment-scale trends in annual cover for allotments in the Jarbidge Field Office in Idaho (blue outline in A). C, Pixel-scale trends in annual cover within a single allotment 

(blue outline in B). D, Field office −scale trends in tree cover for field offices within the Western Cold Deserts. E, Allotment-scale trends in tree cover for allotments in the 

Jarbidge Field Office in Idaho (no trends were calculated for allotments in gray, where tree cover is ≈ 0%). F, Pixel-scale trends in tree cover within a single allotment. 
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n treeless rangelands ( Archer and Predick 2014 ). For example,

ven low abundances of tree cover may result in the extirpation

f grouse ( Lautenbach et al. 2017 ; Nackley et al. 2017 ) and other

rassland birds ( Brennan and Kuvlesky Jr. 2005 ). Given broad con-

ern over the 50% reduction of grassland bird populations in the

nited States ( Rosenberg et al. 2019 ), tracking further expansion of

rees into rangelands will be key for future biodiversity conserva-

ion. 

The big picture afforded by RS revealed the vulnerability of

angelands to continued tree expansion in the Northern Great

lains (see Fig. 5 ). Despite having < 5% tree cover today, expansion

as occurred on two thirds of allotments in the Northern Great

lains during our 30-yr analysis window (Table A13). Increases in

ree cover represent both infilling of existing stands and recruit-

ent of new trees into formerly treeless rangelands ( Filippelli et

l. 2020 ). The latter process may be the most consequential for

onservation of grasslands as trees rapidly mature and become

eed sources for continued invasion. Using RS-derived maps to fo-

us management on recently invaded rangelands can be an effi-

ient strategy for preventing tree invasion into the most vulnerable

abitats ( Twidwell et al. 2021 ). While we cannot determine which

pecies are responsible for tree cover increases from the RS data

lone, the AIM data showed that junipers were the most common

rees in all four ecoregions with significant increases in tree cover

Table A14). Where junipers have recently invaded rangelands, tar-

eted removal can have benefits for local shrub and grassland as-

ociated species ( Olsen et al. 2021 ; Roberts et al. 2022 ), increase

oil moisture availability ( Roundy et al. 2014 ), and help maintain

erbaceous productivity ( Morford et al. 2022 ). 
s  

d From: https://complete.bioone.org/journals/Rangeland-Ecology-and-Management on 
se: https://complete.bioone.org/terms-of-use
Shrub cover was increasing in the Northern Great Plains

nd Mediterranean California and declining in the Western Cold

eserts (see Fig. 3 ). Shrub losses in the Western Cold Deserts likely

eflect losses of sagebrush to increased wildfire and highlight the

hreat facing sagebrush-dependent wildlife ( Coates et al. 2016 ).

his region also saw both rapid increases in annuals and declines

n bare ground (see Fig. 5 ), trends that are correlated with one

nother (see Fig. 7 ) and loss of shrubs (Fig. A1). Taken together,

ur results support the idea that exotic annual grasses are reduc-

ng bare ground, fueling more frequent and severe wildfires, and

ltimately driving losses of cover of sagebrush and other shrubs

 Chambers et al. 2014 ; Coates et al. 2016 ). Notably, we did not ob-

erve significant increases in shrubs in the AZ/NM Highlands and

arm Deserts, where previous studies raised concerns of shrub ex-

ansion ( Eldridge et al. 2011 ). Satellite-based results do not dis-

rove earlier cases of shrub expansion in the Southwest; however,

hey may indicate that the process of shrub invasion has stopped

n recent decades or that it is a local phenomenon rather than

coregion wide. 

uantifying spatial heterogeneity in vegetation trends 

Heterogeneity and scale present grand challenges in monitor-

ng rangelands across space and time ( Fuhlendorf et al. 2017 ; Sayre

017 ). Our findings show that trends varied greatly at all subecore-

ion scales: between field offices, allotments, and especially pixels

ithin the same allotment (see Fig. 6 ). For rangeland managers,

 critical implication of this result is that trends measured at a

ingle field plot are unlikely to represent trends across an entire
08 Jul 2025
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llotment—let alone a field office or ecoregion ( West 2003 ; West

nd Wu 2003 ). Fine-scale spatial heterogeneity may be especially 

roblematic for quantifying trends in tree, shrub, and perennial 

over, all of which had the majority of trend variance at the pixel

cale (see Fig. 6 ). On the other end of the spectrum, annual cover

nd production trends showed more variation at the field office 

nd allotment scales than at the pixel scale (see Fig. 6 ). This may

ndicate the importance of larger regional-scale factors such as cli- 

ate in determining the direction and rate of annual trends. In

eneral, the large proportion of total trend variance at the 30-m

ixel scale cautions against extrapolating plot-level trends to larger 

patial scales. Failure to consider the bigger picture provided by RS

ay result in poorly targeted management actions that fail to add

p to beneficial outcomes at larger scales. The wall-to-wall cov- 

rage provided by RS data allows today’s rangeland scientists to 

inpoint hotspots of vegetation change and develop a spatially tar- 

eted strategy for defending intact habitat from annual invasion 

nd woodland expansion ( Doherty et al. 2022 ; Maestas et al. 2022 ;

arbox et al. 2022 ). 

In this analysis, we summarize vegetation trends at the ecore- 

ion scale; however, BLM managers will frequently want to exam- 

ne trends at much finer spatial scales. In Figure 8 , we illustrate

ow vegetation trends derived from RS could be visualized at the

ppropriate scale for management. For instance, trends aggregated 

t the scale of BLM field offices highlight subregions where inva-

ions by annuals and expansion of trees are most rapid (see Fig.

A , 8D ). Allotment-scale trends within a single field office ( Fig.

B , 8E ) help locate priority areas for reviewing land use autho-

izations and identify core areas of intact rangelands for conserva- 

ion ( Maestas et al. 2022 ). At an even finer scale, trends measured

t the pixel scale ( Fig. 8C , 8F ) make it clear which areas within

n allotment have experienced increases in annuals and trees and 

hich areas have experienced no change or even declines. Despite 

heir utility, the large size of RS datasets can make them difficult

o work with in desktop GIS software ( Tarbox et al. 2022 ). To facil-

tate adoption of RS data in rangeland management, stakeholders 

ay wish to prioritize the development of online dashboards for 

isplaying trends at field office, allotment, and pixel scales (see Fig.

 ). Examples of web apps that display spatial data at a variety of

patial and temporal scales are the U.S. Forest Service’s Rangeland 

roduction Monitoring Service ( US Forest Service, RMRS 2018 ) and

he US Drought Monitor ( University of Nebraska, Lincoln 2022 ). 

anagement Implications 

Over the past 30 yr, annuals have dramatically increased on 

LM rangelands, while herbaceous perennials have declined, and 

ree cover has increased. These vegetation changes threaten the 

cological function and habitat value of millions of acres of pub-

ic lands. Unfortunately, the processes, such as climate change, that 

re likely driving these trends are largely outside of the BLM’s con-

rol. Maintaining the ecological function of rangeland ecosystems 

n the future will be an enormous challenge and may require the

LM to adopt a more hands-on approach to vegetation manage-

ent with a greater focus on restoration ( Boyd et al. 2014 ; Maestas

t al. 2022 ). 

A newly released Sagebrush Conservation Design (SCD) pro- 

ides one potential model for conserving western rangelands in 

he 21st century ( Doherty et al. 2022 ). Instead of investing lim-

ted resources into areas that have already been invaded by trees

r exotic annuals, the SCD prioritizes protecting the most intact 

reas of rangeland and expanding their extent by restoring sur- 

ounding areas. This strategy relies on RS data to map sagebrush-

ominated ecosystems across both public and private rangelands. 

irroring the findings of our analysis, the SCD showed that 73% of

he threats that intact sagebrush rangelands face are problems of 
aded From: https://complete.bioone.org/journals/Rangeland-Ecology-and-Management
f Use: https://complete.bioone.org/terms-of-use
cosystem function, such as invasion by exotic annuals. In contrast, 

nly 27% of threats are the direct consequences of human activity,

uch as agricultural development ( Doherty et al. 2022 ). 

Although RS data are a powerful new tool for measuring range-

and status and trends, the continued collection of field data 

hrough the AIM program will remain essential for understanding 

LM rangelands ( Kachergis et al. 2022 ). Field monitoring captures

mportant details about vegetation, such as species identity, that RS 

ay never be able to resolve. Moreover, new field data will remain

 precious commodity essential for the development and improve- 

ent of RS algorithms ( Allred et al. 2021 ). Field data also repre-

ent the ground truth for land managers who may be skeptical of

he accuracy of RS data ( Tarbox et al. 2022 ). To gain the trust of

takeholders, RS data should be regularly compared against field 

ata collected from a range of vegetation types so that discrep-

ncies between the two sources of data can be better understood

 Applestein and Germino 2022 ). Rather than thinking of satellite-

ased data as an alternative to field data, the two are complemen-

ary and both will play an important role in managing BLM range-

ands in the future. 
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The remote sensing data used in this analysis are freely avail-

ble from the Rangeland Analysis Platform ( https://rangelands. 

pp/ ). Computer code used to perform the statistical analysis re-

orted in this study is available on Zenodo at https://doi.org/10.

281/zenodo.7388703 . 
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