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Quantifying aspects of rangeland 

health at watershed scales in 

Colorado using remotely sensed data 

products 

By Nathan J. Kleist , Christopher T. Domschke , S.E. Litschert , J. Hunter Seim , and 

Sarah K. Carter 

On the Ground 

• During grazing permit renewals, the Bureau of Land Man- 
agement assesses land health using indicators typically 
measured using field-based data collected from individ- 
ual sites within grazing allotments. However, agency guid- 
ance suggests assessments be completed at larger spatial 
scales. 

• We explored how the current generation of remotely 
sensed data products could be used to quantify aspects 
of land health at watershed scales in Colorado to provide 
broad spatial and temporal context for the land health as- 
sessment process. 

• We found multiple indicators could be quantified using 

these data products and were relevant to land health stan- 
dards. 

• Within focal watersheds, bare ground cover decreased 

over the past 30 years, while annual herbaceous cover has 
increased over the last 10 years. Vegetation productivity 
was variable over time, but interannual fluctuations were 
consistent across watersheds. 

• Remotely sensed data products can help resource man- 
agers understand how current conditions relate to broad 

spatial and temporal trends in the region and could provide 
another line of evidence for the land health assessment 
process. They may also identify target areas where man- 
agement strategies, such as eradication of invasive annual 
grasses, should be focused, and could help resource man- 
agers communicate complex issues to the public. 
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n the United States, about 27% of the country’s to-
tal land area is public land managed by the federal
government. Of the agencies managing federal pub-
lic lands, the Bureau of Land Management (BLM)
manages the largest area, approximately 989,017

m 

2 (244,391,312 acres), or roughly 10.8% of the coun-
ry.1 The BLM manages these lands for multiple resources,
ses, and values (Federal Land Policy and Management Act
f 1976 Title I, 43 USC § 1701), and about 627,263 km 

2 

155,000,000 acres), or 63%, of BLM-managed lands are per-
itted for livestock grazing.2 Lands permitted for livestock

razing must also meet the four fundamentals of rangeland
ealth: watershed function, ecological processes, water qual-

ty, and habitats for special status species (Fundamentals of
angeland Health, 43 CFR § 4180.1). 
The BLM land health assessment (LHA) process is a

equired component of the permitting process for livestock
razing on BLM lands. Livestock grazing permits can be con-
roversial and are subject to legal challenges—highlighting
he importance of a rigorous LHA process.3-5 LHAs are
uided by state- or regional-level land health standards
developed under the federal Fundamentals of Rangeland

ealth) and are conducted in three main phases: assessment,
valuation, and determination (Fig. S1).6 During the assess-
ent phase, BLM estimates the status of ecosystem struc-

ures, functions, and processes within a specified geographic
rea using qualitative indicators measured with field-based
ata. Upland and riparian standards are often assessed, respec-
ively, using the protocols defined in Interpreting Indicators of
angeland Health 

7 and a Proper Functioning Condition as-
essment.8 Additionally, both upland and riparian assessments
re frequently informed by data collected as part of the BLM’s
ssessment,Inventory and Monitoring program.9 In the eval-
ation phase, BLM staff interpret findings from the assess-
ent to evaluate the degree of achievement of land health

tandards.6 A key component of the evaluation phase is con-
ideration of relevant reference conditions for each standard,
Rangelands 
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Table 1 
Colorado land health standards and indicators we identified as being relevant and feasible to assess at watershed scales and the remotely sensed data products 
we used to quantify each indicator 

Upland soils standard: Upland soils exhibit infiltration and permeability rates appropriate to soil type, climate, landform, and geologic processes. Adequate soil infiltration and 
permeability allows for the accumulation of soil moisture necessary for optimal plant growth and vigor and minimizes surface runoff. 

Indicator Relevant metric(s) Remotely sensed data products 

Canopy and ground cover are appropriate Bare ground cover RCMAP Fractional Component Time-Series Across the 
Western U.S. 1985-2020 

There are vigorous, desirable plants Upland vegetation productivity eMODIS: Time-integrated NDVI 

Riparian standard: Riparian systems are associated with both running and standing water to function properly and have the ability to recover from major disturbances such as 
fire, severe grazing, or 100-year floods. Riparian vegetation captures sediment, and provides forage, habitat, and biodiversity. Water quality is improved or maintained. Stable 
soils store and release water slowly. 

Indicator Relevant metric(s) Remotely sensed data products 

Vigorous, desirable plants are present Riparian vegetation productivity eMODIS: Time-integrated NDVI 

Native and other desirable species standard: Healthy, productive plant and animal communities of native and other desirable species are maintained at viable population levels 
commensurate with the species and habitat’s potential. Plants and animals at both the community and population level are productive, resilient, diverse, vigorous, and able to 
reproduce and sustain natural fluctuations and ecological processes. 

Indicator Relevant metric(s) Remotely sensed data products 

Noxious weeds and undesirable species are minimal in the 
overall plant community 

Annual herbaceous cover RCMAP Fractional Component Time-Series Across the 
Western U.S. 1985-2020 

Native plant and animal communities are spatially 
distributed across the landscape with a density, composition, 
and frequency of species suitable to ensure reproductive 
capability and sustainability 

Amount and patch sizes of priority vegetation 
communities 

LANDFIRE EVT (pinyon-juniper [EVT: 7016, 7102] and 
riparian-wetland [EVT: 7942, 7943, 7944, 9011, 9017, 
9019, 9021, 9022, 9327, 9329, 9519, 9827, 9829]) 

Landscapes exhibit connectivity of habitat or presence of 
corridors to prevent habitat fragmentation 

Distance between patches of priority vegetation 
communities 

LANDFIRE EVT (pinyon-juniper and riparian-wetland) 

Photosynthetic activity is evident throughout the growing 
season 

Vegetation productivity eMODIS: Time-integrated NDVI 

Diversity and density of plant and animal species are in 
balance with habitat/landscape potential and exhibit 
resilience to human activities. 

Vegetation type diversity LANDFIRE EVT 

eMODIS indicates Moderate Resolution Imaging Spectroradiometer satellite imagery; LANDFIRE EVT, LANDFIRE Existing Vegetation Type Ecological 
S ystem; NDVI, normaliz ed difference vegetation index; RCMAP, Rangeland Condition Monitoring Assessment and Projection. 
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hich provide context for understanding the rate, direction,
nd magnitude of change for different indicators at the site. A 

umber of reference conditions may be relevant to land health 

n BLM-managed rangelands, including pre-European set- 
lement conditions, desired conditions, or conditions that may 
e attainable given the current landscape.10-13 The evalua- 
ion phase may also evaluate factors that may have prevented 

chievement of a standard. In the determination phase, if one 
r more standards are not met, a finding is made that live- 
tock grazing on public lands is or is not a significant factor in
ailing to achieve the standards.6 Factors other than grazing 

ay be identified as a causal factor for a standard not being
et. 
We focused our study of the land health assessment process 

n Colorado where there are 31,565 km 

2 (7,800,000 acres) 
f rangelands, about 11% of the total area of the state, man- 
ged for grazing by the BLM under the Colorado Stan- 
ards for Public Land Health.14 Bureau of Land Manage- 
ent guidance suggests LHAs be performed at the scale of 

fth-level watersheds (hereafter, watersheds), which have a 
ean size of 545.1 km 

2 (134,695 acres) in Colorado. How- 
ver, because BLM makes decisions on grazing permits within 

llotments, current LHA processes are typically focused on 

razing allotments, which average 18.15 km 

2 (4,486 acres) in 

olorado.6 
u
r

022 

 From: https://complete.bioone.org/journals/Rangelands on 31 May 2025
e: https://complete.bioone.org/terms-of-use
Data collected within individual allotments provide im- 
ortant information about the effects of grazing but may not 
e adequate to assess all standards. For example, the Colorado 

ative and other desirable species standard (see Table 1 ) in- 
ludes indicators of habitat connectivity and the spatial dis- 
ribution of species across landscapes. Resource managers can 

se remotely sensed data products, which were designed to 

rovide information at broad spatial and temporal scales, to 

ully assess such indicators and provide important context for 
llotment-scale LHA processes. 

roject goals and objectives 

Here, we take advantage of recent advances in rangeland 

onitoring 

15 to provide BLM with a set of landscape-scale 
esults that complement traditional field-based LHA meth- 
ds by providing valuable spatial and temporal context. Our 
verarching goal was to work with BLM staff at state and 

eld office levels to explore how remotely sensed data prod- 
cts could be anal y zed within and across watersheds and over
ime to complement current land health processes. We had 

wo objectives: 1) identify Colorado land health standards 
nd indicators amenable to quantification at watershed scales 
sing remotely sensed data products, and 2) quantify met- 
ics providing spatial and temporal context for land health 
399 



Figure 1. The Little Snake Field Office in northwest Colorado with Bureau of Land Management (BLM) managed lands, cattle grazing allotments, 
and a contiguous group of watersheds (A, Shell Creek; B, Powder Wash; C, Sand Wash; D, Greasewood Gulch). The blue rectangle on the inset of 
the western United States shows the map extent. 
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ssessments conducted at the scale of individual livestock
razing allotments.16 

ethods 

tudy area 

We worked with BLM to identify watersheds for this study
ontaining large tracts of contiguous BLM-administered
ands permitted for grazing. We selected four watersheds
ithin the Little Snake Field Office—Shell Creek, Powder
ash, Sand Wash, and Greasewood Gulch watersheds—

ocated in northwestern Colorado ( Fig. 1 ). The field office in-
ludes 17,000 km 

2 (4.2 million acres) of federal, state, county,
nd private lands, of which approximately 5,261 km 

2 (1.3 mil-
ion acres) are administered by the BLM.17 

dentifying land health standards and indicators 

menable to quantification at watershed scales 

sing remotely sensed data products 

To meet our first objective, we undertook two tasks simul-
aneously. We worked with BLM to review standards and in-
icators for attributes that could be quantified at watershed
cales, and we identified remotely sensed data products that
rovided relevant information for each. We required remotely
ensed data products be publicly available, peer reviewed as
00 

 From: https://complete.bioone.org/journals/Rangelands on 31 May 2025
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f January 2021, spatially explicit, and had an accuracy as-
essment to ensure data were defensible and suitable for use
t broader spatial scales, such as watersheds and BLM field
ffices. After our review of the standards and indicators and
emotely sensed data products, we held a series of meetings
ith BLM field, state, and national office staff to gather fur-

her input on the applicability of remotely sensed data to the
and health assessment process. We focused this study on veg-
tation community and soil indicators, and thus did not con-
ider indicators under the special status species or water qual-
ty standards. We suggest the datasets we selected for use in
his case study be considered as examples of those available;
e did not attempt to perform an exhaustive review of all re-
otely sensed data products. 

Colorado upland soil standard —The upland soil standard is
ocused on appropriate soil function resulting in optimal plant
rowth and vigor (see Table 1 ). The ground cover indica-
or from this standard can be assessed using the bare ground
over at a site,7 which is typically measured through ocular
stimates, point-intercept samples, and rangeland trend time
eries photographs providing data on ground cover at rep-
esentative sample sites within grazing allotments.18 We se-
ected the Rangeland Condition Monitoring Assessment and
rojection (RCMAP) Fractional Component Time-Series
cross the Western U.S. 1985–2020 Bare Ground data (here-

fter, bare ground component) to quantify the percent bare
round for a watershed ( Table 1 ).19 , 20 We also included
Rangelands 
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aymet annual total precipitation data to provide further 
ontext for bare ground trends in our study area.21 

Another indicator within the upland soil standard de- 
cribes plant vigor, which can be assessed at landscape scales 
sing indices derived from remotely sensed data like the nor- 
alized difference vegetation index (NDVI).22 We selected 

MODIS Phenological Metrics Time-Integrated NDVI 
TIN) from 2001 to 2020, as a measure of vegetation pro- 
uctivity for the entire duration of the growing season.23 , 24 

he eMODIS TIN is a phenological metric derived from 

ODIS (Moderate Resolution Imaging Spectroradiometer) 
atellite imagery calculated by identifying the start and end 

ates for each year’s growing season and integrating NDVI 
alues for the duration of that time period. The TIN rep- 
esents the canopy photosynthetic activity for the growing 

eason. There are other productivity data available at finer 
emporal and spatial scales.25 We selected eMODIS TIN 

ecause it incorporates annual synthesis of MODIS satel- 
ite data across growing seasons into a peer-reviewed data 
roduct. 

We defined the boundaries of the uplands using a Col- 
rado River Basin valley bottoms spatial layer from the CO- 
IP dataset.26 A key point is that the CO-RIP polygon data 
e chose represents the maximum extent of riparian corri- 
ors (hereafter, valley bottoms), not areas identified as hav- 
ng riparian vegetation. Valley bottoms are useful for explor- 
ng temporal fluctuations in riparian vegetation,27 and we used 

he inverse of the valley bottoms to delineate uplands.We then 

uantified the mean annual TIN within the uplands of each 

atershed. 

Colorado riparian standard —This standard is focused 

n overall riparian ecosystem function. The vigorous, de- 
irable plants indicator under this standard can be in- 
ormed by a measure of riparian vegetation productiv- 
ty. For this metric, we quantified the TIN from 2001 

o 2020 within the valley bottoms from the CO-RIP 

ataset.26 

Colorado native and other desirable species standard —The na- 
ive and other desirable species standard describes plant and 

nimal populations and communities that are “productive, re- 
ilient, diverse, vigorous” and “able to sustain natural fluctu- 
tions." We restricted our assessment to vegetation for this 
tandard. The noxious weeds indicator within this standard 

tates these plants should be minimal. After conversations 
ith BLM, we concentrated our approach for this indicator 
n exotic annual grasses. We used RCMAP Fractional Com- 
onent Time-Series Across the Western U.S. 1985–2020 An- 
ual Herbaceous data (hereafter, annual herbaceous compo- 
ent) to provide broad-scale spatial data for this indicator 
rom 1985 to 2020. The RCMAP annual herbaceous com- 
onent layers only include annual grasses and forbs. Although 

ative annual grasses and forbs do occur in the study area, the
ayers are primarily representative of invasive species.28 We 
lso included wildfire perimeters from the Monitoring Trends 
n Burn Severity dataset 29 and quantified wildfires as percent 
022 
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f watershed burned to provide some relevant context for an- 
ual grass spread. 

The native and other desirable species standard also de- 
cribes indicators of landscape pattern including the spatial 
istribution and density of native plants and habitat connec- 
ivity. To understand the types of native vegetation commu- 
ities BLM would typically assess for these indicators, we 
ought additional input from staff in the Little Snake Field 

ffice and the Colorado State Office, and reviewed the most 
ecent Resource Management Plan for the Little Snake Field 

ffice.17 Several vegetation communities were indicated as 
riorities for management; we selected pinyon-juniper and 

iparian-wetland for our assessment. 
We used LANDFIRE Existing Vegetation Type (EV T ) 

cological System codes to represent priority vegetation com- 
unities. LANDFIRE EVTs represent groups of plant com- 
unit y t ypes that tend to co-occur within similar land- 

capes, and BLM feedback suggested EVTs had an ap- 
ropriate level of thematic detail to specify the vegetation 

ypes comprising these communities and adequately repre- 
ented on-the-ground vegetation ( Table 1 ).30 , 31 For pinyon- 
uniper, we included all LANDFIRE EVTs containing both 

pinyon’ and ’juniper’ in the EVT name and occurred within 

he study area. Although we refer to these habitat types 
s pinyon-juniper, within the Little Snake Field Office,
hese are primarily juniper ( Juniperus spp.). For riparian- 
etland, we included all vegetation types containing the 
ords “riparian,” “wetland,” or “marsh” in the EVT group 

ame. 
We calculated total area, patch sizes, and distances between 

atches of vegetation communities following methods pre- 
iously published by Carter et al.32 The area and patch size 
istribution of priority vegetation communities provided data 
elevant to the spatial distribution of the native plants indi- 
ator, while data on distances between patches of the same 
egetation type provided relevant information for the habitat 
onnectivity indicator. 

The native and desirable species standard also included an 

ndicator for growing season photosynthetic activity. We used 

he same data here, eMODIS TIN, that we used for the plant
igor indicators from the upland soils and riparian systems 
tandards. However, here, we calculated mean TIN across full 
atersheds rather than restricting assessment to uplands or 
alley bottoms. 

For the plant diversity indicator, we calculated the number 
f natural LANDFIRE EVTs within 500 m (0.31 miles) of 
 focal cell. Because this indicator falls under the Colorado 

ative and other desirable species standard, we excluded de- 
eloped, agricultural, or other disturbed EVTs to quantify a 
etric of native vegetation communit y diversit y. Our choice 

f a 1 km 

2 (247.11 acres) moving window was based on pre-
iously published methods 32 developed together with BLM.
he description of the plant diversity indicator suggested a 

pecies-level measure of diversity, but we could find no re- 
otely sensed data with the thematic detail needed to ana- 

 y z e species diversit y at a watershed scale, although there is
otential in this area of research.33 
401 
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uantify metrics providing spatial and temporal 
ontext for land health assessments 

We performed all analyses in R version 4.1.2,34 with the
xception of the moving-window analysis for the calculation
f natural LANDFIRE EVT diversity, which was completed
n ArcGIS Pro 2.9.35 

We used functions from the R packages “sf”36 and “terra”37 

o crop and mask time-series raster data to watersheds. We
lso cropped and masked eMODIS TIN rasters to the val-
ey bottom and upland areas of each watershed, as defined
y the CO-RIP dataset. We removed any raster cells out-
ide the valid range (0-100) of each dataset. We converted
aster data to data frames and used functions in the R pack-
ge “dplyr”38 to clean the data and calculate mean annual val-
es for each dataset. We also present maps of the slope and P
alue for pixel change trends published by RCMAP (Fig. S2).

hen quantifying the RCMAP annual herbaceous compo-
ent, we adapted five invasion categories (Invasion free, 0%;
race, 1-10%; Mild, 11-25%; Moderate, 26-50%; and Domi-
ated, > 50%) linked to suggested management strategies.39 , 40 

We used LANDFIRE EVTs to define pinyon-juniper
nd riparian-wetland vegetation communities and quantified
atch metrics within four areas of interest based on scale and

urisdiction: 1) all lands in the field office, 2) BLM-managed
ands in the field office, 3) all lands in watersheds, and 4)
LM-managed lands in watersheds. First, we used the func-

ion st_intersect in the “sf”36 package to create BLM land
wnership polygons for the field office and watersheds. Before
alculating patches, we cropped the LANDFIRE raster to a
5 km (9.3 mile) buffer around the field office polygon to en-
ure no patches were artificially truncated by watershed, field
ffice, or jurisdiction boundaries. We removed raster cells that
ere not pinyon-juniper or riparian-wetland EVTs by classi-

ying them as null values. 
For pinyon-juniper communities, which often occur in

arge swaths across the landscape, we required pixel adja-
ency in at least one of eight directions to be considered part
f the same patch. We used the function get patches from
he R package “landscapemetrics”41 to delineate contiguous
atches of pinyon-juniper. We converted the pinyon-juniper
atch raster data to polygons using the function as.polygons
rom the “terra”37 R package, calculated the size of each patch,
nd, following BLM input, removed patches < 4,500 m 

2 

1.11 acres) to focus the assessment on larger, more contigu-
us patches more likely to be accurately represented by the
ANDFIRE dataset. 

Riparian-wetland vegetation generally occurs in smaller,
ore linear patches than upland types, like pinyon-juniper.
e used a “c luster ” method where all pixels within 90 m

f the focal pixel were assigned to the same patch. This
ethod was based on a previously published study on BLM

ands in which the author’s visually examined imagery and
ssociated LANDFIRE riparian-wetland pixels along small
treams are typical of BLM administered lands.32 We con-
erted the riparian-wetland community EVT raster to poly-
ons, and used the R package “sf”36 to draw 45 m (148 feet)
02 
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uffers around riparian-wetland vegetation. We combined
verlapping and adjacent cell buffers such that each resulting
eature identified the location of a "cluster" patch of riparian-
etland vegetation. We calculated patch sizes and removed
atches < 1,800 m 

2 (0.44 acres). 
We calculated nearest neighbor distances for pinyon-

uniper and riparian-wetland patches with the function st_nn
rom the R package “nngeo.”42 We assigned all patches to size
nd distance classes and quantified the total area of each of
he classes within each of the areas of interest. We calculated
he percent of each vegetation community assigned to each
ize and distance class. Note the total area of each patch con-
ained by the area of interest and the true size of the patch,
nconstrained by jurisdictional boundaries, are different val-
es. Thus, a very large patch may only take up a small area
ithin the boundary of a given area of interest. 

We calculated vegetation t ype diversit y by reclassifying the
ANDFIRE EVT raster to remove developed, agricultural,
nd other disturbed EVTs. We used the Spatial Analyst Focal
tatistics tool in ArcGIS Pro to count the number of unique,
aturally occurring EVTs within 500 m (1,640 feet) of a focal
ixel using a moving window.32 We loaded the output raster
nto R and used “terra” functions to crop and mask it to the
atersheds. Finally, we assigned values to five richness classes

o demonstrate one approach to visualizing these results. All
gures were constructed using the R package “ggplot2,”43 and
ll maps were created in ArcGIS Pro.35 

esults 

dentify land health standards and indicators 

menable to quantification at watershed scales 

sing remotely sensed data products 

We finalized a set of eight indicators from three Col-
rado standards and quantified them with remotely sensed
ata products at watershed scales ( Table 1 ). 

uantify metrics providing spatial and temporal 
ontext for land health assessments 

Colorado upland soils standard —The annual mean percent
are ground cover from 1985 to 2020 ranged from 67% to
1% with a mean of 68% in Shell Creek, 49% to 54% with a
ean of 50% in Powder Wash, 49% to 58% with a mean of

2% in Greasewood Gulch, and 63% to 71% with a mean of
5% in Sand Wash ( Figs. 2 and S2). The years 1989 to 1992
ere the four highest estimates of percent bare ground for all
atersheds. Of the most recent 10 years of data, the mean
ercent bare ground cover was below the range established by
he earliest 10 years of available data in 2011 in Powder Wash
nd 2011 and 2017 in Greasewood Gulch. 

In upland areas, the mean growing season TIN from 2001
o 2020 ranged from 5 to 20 with a mean of 11 in Shell Creek,
 to 31 with a mean of 17 in Powder Wash, 6 to 28 with a
Rangelands 



Figure 2. Trends in mean bare ground cover from 1985 to 2020 (left) and a map of 2020 bare ground cover (right) in a group of fifth-level watersheds 
in northwestern Colorado, USA. Black dots are annual means, and the horizontal gray dashed lines show the range established by the first ten years 
of data. The light blue line is the mean of the annual total precipitation in each pixel for each watershed. 

Figure 3. Annual growing season vegetation productivity from 2001–2020 (left), and a map of 2020 time-integrated (TIN) normalized difference 
vegetation index (NDVI) overlaid within the valley bottoms of a group of 5 th -level watersheds in northwestern Colorado (right). In the figure on the left, 
black circles are annual means across all lands, light blue triangles are annual means in the riparian corridor (i.e., valley bottoms), and gray squares 
are annual means in the uplands (inverse of riparian corridor). The horizontal blue dashed lines show the range established by the first 10 years of 
data, and the solid black lines show the mean of all years, both shown here using TIN values from all lands. 
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ean of 14 in Greasewood Gulch, and 5 to 23 with a mean
f 12 in Sand Wash ( Fig. 3 ). 

Colorado riparian standard —The mean TIN for the 2001 

o 2020 growing seasons ranged from 5 to 20 with a mean of
1 in Shell Creek, 6 to 30 with a mean of 15 in Powder Wash,
 to 27 with a mean of 15 in Greasewood Gulch, and 3 to 22
ith a mean of 11 in Sand Wash ( Fig. 3 ). 
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Colorado native and other desirable species standard —Results 
or the noxious weeds indicator show from 1985 to 2020 the 
nvasion categories with the highest percent cover in each wa- 
ershed were “Invasion free” in Shell Creek and Powder Wash 

nd “Trace” in Greasewood Gulch and Sand Wash ( Figs. 4 

nd S2). Of the most recent 10 years, the mean percent of
he watershed in the "Mild" invasion category from 2013 to 
403 



Figure 4. The right panel shows a 2020 map of annual herbaceous vegetation across a group of fifth-level watersheds in northwestern Colorado. 
The invasion categories colors for each panel are defined in the map legend. The colored dots on the left panel show the annual percent of each 
watershed in four invasion categories from 1985 to 2020, and the light pink bars show the percent of each watershed burned in wildfires. 

Figure 5. Pinyon-juniper patch size classes across a group of fifth-level watersheds in northwestern Colorado (right), and the mean percent of the 
watershed and field office belonging to each jurisdiction and patch size class as defined in the map legend (left). Small groups of pinyon-juniper 
vegetation cover < 5 pixels (4,500 m 

2 [1.1 acres]) did not meet our criteria for a patch. However, the size-class percentages presented above were 
calculated based on the total amount of a vegetation type, and thus the bars for a given area of interest will not equal 100. Approximately 7% of the 
total area of pinyon-juniper from all lands and 3% from Bureau of Land Management (BLM) lands across the field office were not included in patches. 
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ange established by the earliest 10 years. Additionally, < 0.5%
f the watershed in Powder Wash and Greasewood Gulch
as in the "Moderate" invasion category in each of the last
0 years. 

Results for the spatial distribution of native plants indi-
ator show pinyon-juniper cover was highest in the western
04 
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ortion of the field office (Fig. S3). There were an estimated
,575 km 

2 (389,191 acres) of pinyon-juniper on all lands and
86 km 

2 (243,646 acres) on BLM lands (Table S1). Patches
f pinyon-juniper were present in Shell Creek and Sand Wash
cross all five size classes but did not occur in patches > 40.5
m 

2 (10,000 acres) in Powder Wash and Greasewood Gulch
Rangelands 



Figure 6. Riparian-wetland patch size classes across a group of fifth-level watersheds in northwestern Colorado (right), and the mean percent of 
the watershed and field office belonging to each jurisdiction and patch size class as defined in the map legend (left). Small groups < 2 pixels (1,800 
m 

2 [0.44 acres]) did not meet our criteria for a riparian-wetland patch. However, the size-class percentages presented above were calculated based 
on the total amount of a vegetation type, and thus the bars for a given area of interest will not equal 100. Across the field office, approximately 4% 

of the total area of riparian-wetland vegetation on all lands and 14% on Bureau of Land Management (BLM) lands was not included in patches. 

Figure 7. A map of vegetation class richness represented by the number of naturally occurring LANDFIRE existing vegetation types within a 500 m 

(0.31 miles) radius, across a group of fifth-level watersheds in northwestern Colorado (right). A bar graph depicting the percent of each watershed in 
five vegetation richness classes (left). 
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 Fig. 5 ). At the field-office scale, most pinyon-juniper oc- 
urred in patches > 40.5 km 

2 (10,000 acres), and both Shell 
reek and Sand Wash closely followed this trend. However,
reasewood Gulch and Powder Wash had the highest per- 

ent of pinyon-juniper in medium sized patches ( > 0.4-4.05 

m 

2 [100-1,000 acres]). Patch size distribution patterns were 
022 
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imilar for all lands and BLM-managed lands in all analysis 
reas. 

Riparian-wetland vegetation occurred mostly in the east- 
rn portion of the field office, and there were 373 km 

2 (92,170 

cres) on all lands and 25 km 

2 (6,178 acres) on BLM lands
Table S1; Fig. S3). There were no riparian-wetland patches 
405 
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n the largest size class ( > 40.5 km 

2 [10,000 acres]) in either
he field office or watersheds ( Fig. 6 ). At the field office scale,
ost riparian-wetland patches were equally distributed across

he three smallest size classes. In watersheds, riparian-wetland
atches were mostly in the two smallest size classes, with the
xception of Shell Creek, which had a higher percentage of
iparian-wetland vegetation t ypes in medium-siz ed patches. 

The results for the habitat connectivity indicator show
hat, across all areas of interest, > 90% of pinyon-juniper
atches were within 100 m (0.06 miles) of another patch. Few
1-4%) patches were within 100 to 500 m (0.06-0.31 miles)
f the nearest patch, and < 1% were > 500 m (0.31 miles)
rom another patch (Fig. S4). Across all areas of interest, most
iparian-wetland patches were within 500 m (0.31 miles) of
nother patch (Fig. S5). 

The growing season photosynthetic activity indicator re-
ults show the mean TIN during the 2001 to 2020 growing
easons ranged from 5 to 20 with a mean of 11 in Shell Creek,
 to 31 with a mean of 16 in Powder Wash, 6 to 28 with a
ean of 14 in Greasewood Gulch, and 5 to 23 with a mean

f 12 in Sand Wash ( Fig. 3 ). 
The results for the native plant diversity indicator show

 40% of the area of each watershed has 7 to 9 different nat-
rally occurring vegetation types within 500 m (0.31 miles)
 Fig. 7 ). Shell Creek, Powder Wash, and Sand Wash have 4 to
 naturally occurring vegetation types in 22% to 27% of their
otal area and 10 to 15 naturally occurring vegetation types
n 23% to 26% of their total area. Thirty-eight percent of the
otal area of Greasewood Gulch had six or fewer naturally oc-
urring vegetation types within 500 m (0.31 miles). 

iscussion 

We worked with BLM staff to provide remotely sensed
ata and analyses to inform land health standards and indica-
ors at watershed scales in Colorado. We selected a subset of
ata from three remotely sensed products and quantified re-
ults to be applied to eight indicators across three land health
tandards. We sought to provide BLM field staff with a set of
uantitative, watershed-scale results to broadly illustrate how
emotely sensed data can complement the field data typically
sed to assess land health and inform livestock grazing deci-
ions on public lands. 

dentifying land health standards and indicators 

menable to quantification at watershed scales 

sing remotely sensed data products 

There is increasing emphasis on managing public lands at
andscape scales (e.g., DOI policy [604 DM 1]). We exam-
ned existing standards and indicators in Colorado using this
andscape-level lens and found multiple standards and indi-
ators had meaningful and relevant interpretations at water-
hed levels—despite the fact they are most often applied at
he scale of individual grazing allotments. Others have also
ome to this conclusion. For example, standards and indica-
06 
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ors from across the BLM directly reference landscape pat-
erns, and the BLM in Oregon recently completed a pilot
tudy exploring how threat-based models can be used to fa-
ilitate a landscape-scale approach to LHAs.44 Additionally,
 survey of university and federal rangeland science experts
dentified remotely sensed data as one of the best ways to pri-
ritize rangeland monitoring,45 and Carter et al. have recently
eveloped a framework for applying a core set of five land-
cape indicators to land health.32 

The remotely sensed data products we identified as infor-
ative for the LHA process are also widely used in other

road-scale ecological analyses in the western United States.
or example, the RCMAP annual herbaceous component was
sed by a cheatgrass working group as a data source in a com-
on spatial map created to guide strategic actions, such as

ross-boundary regional planning of cheatgrass control ef-
orts.46 LANDFIRE EVTs were recently used to map the ex-
ent of pinyon-juniper woodlands as par t of an effor t to char-
cterize total aboveground biomass of pinyon-juniper ecosys-
ems across the Great Basin.47 

uantify metrics providing spatial and temporal 
ontext for land health assessments 

Upland soils standard —We calculated temporal trends in
nnual mean bare ground cover ( Fig. 2 ) and TIN ( Fig. 3 )
cross four watersheds to provide information relevant to two
ndicators from the upland soils standard. 

Trends in bare ground cover were similar across water-
heds, with bare ground cover peaking around 1990 and de-
reasing in the 30 years since ( Fig. 2 ). However, the western-
ost pair of watersheds consistently had more bare ground

han the easternmost. A look at precipitation trends in the
egion shows years of low total precipitation seemed to cor-
espond with higher means of bare ground cover, but mean
nnual totals of precipitation are similar across watersheds.
his indicates another broad-scale factor, such as soil type,
ay contribute to observed differences across watersheds. It is
orth noting the RCMAP bare ground component includes
xposed rock,28 which may also influence results. Monitor-
ng bare ground cover at watershed-scales can help provide
mportant information about the system’s response to short-
erm droughts (1-2 years), which may lead to increases in bare
round cover that can become more extensive with prolonged
rought.7 Bare ground cover data may also be linked to factors
uch as dust to create benchmarks to help manage exposure,48 

nd has been identified as an important tool for monitoring
angeland condition by federal rangeland experts.45 

We used TIN as a proxy for plant vigor, as NDVI has been
ound to be strongly correlated to vegetation productivity,49 

specially at low values.50 We found TIN values across the
plands, valley bottoms (riparian corridors), and all lands were
early identical ( Fig. 3 ), and thus we combine our discussion
f these results here. We found all four watersheds had rel-
tively low growing season TIN and similar temporal trends
n TIN from 2001 to 2020. Long-term means below a TIN
f 20 for all watersheds indicate low vegetation cover across
Rangelands 
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he region, which is likely a signal of the arid to semiarid
hrub steppe habitats of the Wyoming Basin ecoregion.51 In 

ll four watersheds, temporal trends showed a general pattern 

f annual increases, interrupted by large declines during the 
rought years of 2002 and 2012 recorded across the western 

nited States. The pattern of rapid decreases in this measure 
f NDVI followed by gradual annual gains indicates drought 
ears could have lasting effects on vegetation productivity in 

hese systems.52 TIN values within the valley bottoms were al- 
ost identical, within watersheds, to results for uplands (Fig.

3). This indicates areas delineated as valley bottoms have 
imilar productivity in this region as uplands. It is possible the 
road extent of valley bottoms, identified using CO-RIP, may 
ave increased the similarity of the upland and riparian values.

Riparian standard —We calculated temporal trends in an- 
ual mean TIN in valley bottoms ( Fig. 3 ) across four water-
heds to provide information relevant to one indicator from 

he riparian standard. See the discussion of TIN results above,
n the preceding paragraph. 

Native and other desirable species standard —For this stan- 
ard, we were able to quantify metrics relevant to five indi- 
ators ( Table 1 ). The percent of each watershed in different
nvasion categories 39 was relevant to the noxious weeds in- 
icator. Shell Creek had the highest percentage of "Invasion 

ree" (0%) cover across all years, which indicates maintenance 
f long-term stable conditions ( Fig. 4 ). The other watersheds 
ad more variable trends over time. Notably, there was a trend 

oward higher cover of “Mild” and lower cover of "Invasion 

ree" areas in the easternmost pair of watersheds, Greasewood 

ulch and Powder Wash. 
Managers can use these trends to better understand how 

isturbances like wildfires, at a specific point in time, may have 
ontributed to invasion. For example, in this study, large wild- 
res occurred in 2008 and 2014 along the easternmost border 
f Greasewood Gulch and Powder Wash ( Fig. 4 ).29 In 2015,
 5% of Greasewood Gulch was added to the "Mild" invasion 

ategory—the largest such increase seen in the 35 year span of 
ata—and it is possible this heightened pace of invasion could 

e linked to the recent wildfire. As invasion progresses, these 
ystems may lose ecosystem function and could be at increas- 
ngly higher risk of wildfire due to the accumulation of fine 
uels. Both factors could push the system past the threshold 

f self-recovery and into a new ecological state.40 

The invasion categories can also be linked to appropri- 
te management strategies,39 , 40 which essentially provide re- 
ource managers with a mapped estimate of where invasive 
lant management could be most appropriate. For example,
reas where cover of the "Trace" invasion category is increas- 
ng could be a focus for early detection and eradication efforts,
hich have a high chance of success and low cost and effort.
reas in the "Mild" invasion category still have a high recov- 

ry potential, but management efforts, including eradication,
ould be higher cost and effort. 

To provide information for the spatial distribution of na- 
ive plants indicator, we quantified the amount (Table S1; Fig.
022 
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3) and patch sizes of pinyon-juniper ( Fig. 4 ) and riparian-
etland habitat types ( Fig. 6 ). We found pinyon-juniper cover 

n Shell Creek and Sand Wash occurred primarily in patches 
 40.5 km 

2 (10,000 acres), which more closely resembled the 
verall pattern for the field office than the pattern in the 
earby Powder Wash and Greasewood Gulch watersheds.
his could be influenced by the proximity of the south- 

rn portions of these watersheds to the Colorado Plateau 

coregion, which is characterized by extensive pinyon-juniper 
over.51 Patches of riparian-wetland communities were gen- 
rally equally distributed among patch size categories < 4.05 

m 

2 (1,000 acres) across watersheds and in the field office,
ndicating similar structure of these communities across the 
egion. 

We calculated temporal trends in annual mean TIN 

 Fig. 3 ) to provide information for the photosynthetic activ- 
t y indicator. S ee the discussion of TIN results above in the
hird paragraph of the Upland soils standard section of the 
iscussion. 
We also quantified the diversity of natural vegetation types 

o inform the plant diversity indicator ( Fig. 7 ). Across all wa-
ersheds, areas with moderate local diversity (7-9) were most 
ommon, but some noticeable pockets of very high diversity 
16-24) were found in Shell Creek and Greasewood Gulch.
hese results provide information useful for land health and 

ay also help resource managers identify areas that could be 
aluable contributors to local plant diversity. 

imitations 

We have presented a case study demonstrating how results 
rom remotely sensed data products could be applied to the 
HA process in Colorado. We expect this approach would 

pply to BLM LHAs in other western locations, but there 
ay be questions related to other state or regional land health 

tandards and indicators or other available remotely sensed 

roducts warranting further consideration. 
Similar to LANDFIRE, the National Land Cover 

atabase (NLCD) 53 is a categorical land cover raster, but 
LCD has more coarse thematic detail than LANDFIRE 

16 vegetation classes compared with over 500 classes, re- 
pectively). However, we note the higher thematic detail of 
ANDFIRE appears tied to decreased accuracy.31 If assess- 
ent of broad vegetation classes, such as evergreen forest, is 

dequate, rather than specific vegetation communities, such as 
inyon-juniper woodland, the use of NLCD should be con- 
idered. The NLCD data also provide the ability to moni- 
or change in land cover patterns over time (2001-2019), as 
hey include updates to previous years with each new data re- 
ease. We are not aware of a remotely sensed dataset allowing 

omparison of patch characteristics over time with the the- 
atic detail needed for these vegetation communities. Other 

ources of data that could be used for land health are the frac-
ional vegetation cover products from the Rangeland Analysis 
latform and the Landscape Cover Analysis and Reporting 
407 
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ools,54 , 55 which span a similar time frame as the RCMAP 

roducts and include most of the same vegetation types. 
A recent BLM technical note provides an evaluation

f available fractional vegetation cover products, includ-
ng RCMAP, Rangeland Analysis Platform, and Landscape
over Analysis and Reporting Tools.56 The BLM technical
ote provides a general overview of strengths and weaknesses
f each product as well as an independent assessment of error.
spects of our results may be impacted by the published error

ates associated with each dataset. For example, we note the
ublished error rate for the RCMAP annual herbaceous com-
onent suggests some potential membership uncertainty be-
ween pixels categorized as Invasion free and Trace.28 How-
ver, our purpose was to demonstrate how resource managers
an use maps, so we chose to map Invasion free pixels sep-
rately from Trace because of their ecological importance to
onitoring the spread of invasive species. In the context of
anaging for land health, fractional vegetation cover prod-

cts provide information that can help identify priority ar-
as for assessing landscape management intervention or de-
ermine where additional sampling efforts may be beneficial.
lthough low error rates in the data are beneficial, at appro-
riate scales, remotely sensed data provide valuable informa-
ion reflecting real landscape heterogeneity even when error
ates are considered.16 

Researchers may also need to consider how best to repre-
ent reference conditions for their particular region and ap-
lication, especially given the lack of spatially explicit data on
cological site potential in many regions.12 Here, we used the
nitial 10 years of data as a starting point, which BLM found
o be useful and relevant, but other approaches and time pe-
iods could be used. We used nearest neighbor distances as
 simple measure of structural connectivity for managers to
onsider during LHA processes. However, resource managers
ay want to incorporate complementary analyses on corridors

r functional connectivity for priority species, as discussed by
arter et al.32 Finally, our approach is meant to be as straight-

orward as possible, but for BLM staff to use these methods
n a regular basis, they will need to calculate the indicators
hemsel ves, likel y through a semi-automated user interface
hey can easily access and use. Staff also need accessible frame-
orks that allow them to efficiently consider these remotely

ensed indicators together with species-level data collected at
ndividual field sites (e.g., BLM Assessment Inventory and

onitoring data). 

onclusion 

BLM is constantly striving to better understand the eco-
ogical condition of public lands and to communicate those
onditions to the public. Land health standards were devel-
ped to provide the public and public land managers with a
lear picture of the ecological health of public lands and to
elp inform land management decisions. To ensure the accu-
acy and usefulness of the end product (i.e., BLM LHAs), it
s important to obtain data from as many sources as possible.
08 
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o date, the use of remotely sensed data products in LHA
emains inconsistent but is rapidly gaining momentum. 

The framework we present here can provide an additional
ine of evidence for assessing land health standards by high-
ighting long-term spatial and temporal trends to help field
taff better contextualize site-based assessments. Such an ap-
roach could be useful in the absence of mapped data on ref-
rence conditions, and when applied at a watershed-scale, may
elp identify causal factors negatively affecting land health not

solated to a single allotment. For example, if conditions on
ne allotment are trending differently than other nearby allot-
ents over time, that could present justification for BLM to

xplore causal factors related to conditions on that allotment.
he maps and visualizations of recent historical trends can

lso help BLM communicate the broader spatial context for
urrent conditions to members of the public and other stake-
olders, and the spatially explicit time-series trends for bare
round and annual herbaceous cover were of particular inter-
st to BLM staff. 

We did not seek to formally identify factors causing or con-
ributing to current conditions here, but some drivers are in-
icated by the data. For example, BLM field staff report this
egion experienced a drought in 2012, and region-wide reduc-
ions in growing season TIN were recorded that year along
ith some smaller increases to bare ground. Although such

arge drops in vegetation productivity from one year to the
ext may seem out of the ordinary, the growing season TIN of
ll four focal watersheds has remained within the range estab-
ished by the first 10 years of data, indicating these fluctuations
ave been stable across the time period of the data. Collabo-
ating with BLM on the development of practical methods to
elate reference conditions to broad-scale data, and correlat-
ng those data with drivers of change, will be critical to further
doption of broad-scale data use in the land health process
nd could be a beneficial next step. 
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