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Ongoing climate change will substantially alter the ecological communities of the Colorado
Plateau with warming temperatures, shifting precipitation patterns, and increasing drought
severity projected to continue for the Southwest (Garfin et al. 2013). Projected climate
changes will interact with existing disturbances on the landscape, and species and
ecosystems will be affected in diverse ways. As these climatic shifts increase plant stress
and mortality, vegetation distributions will change considerably through the century
(Rehfeldt et al. 2006, Bureau of Land Management 2012).

Vegetation productivity (i.e., primary productivity) is influenced not only by soil
characteristics, ecological community composition, herbivory, and disturbance (Milton et al.
1994, Field et al. 1995), but also by climatic shifts (Breshears et al. 2005, Schwinning et al.

2008, Reeves et al. 2014). Anthropogenic land use can compound the effects on vegetation

1 Acknowledgments: Many thanks to Matthew Williamson (University of California-Davis) who completed the
image processing needed to conduct the analysis for the three National Forests in 2014. Mary O’Brien (Grand
Canyon Trust) also provided edits.



of a changing climate (DeFries et al. 1999). This presents a formidable challenge to public

land managers who strive to effectively balance multiple land uses with ecosystem health to
support the long-term sustainability of both. Monitoring indicators of ecosystem health, such
as primary productivity, can aid in identifying areas sensitive to disturbance and can aid land

management strategies that mitigate further environmental degradation.

Primary productivity of terrestrial vegetation is an important indicator of ecosystem health
(McArthur et al. 2000, Hunt et al. 2003). Areas with vegetation that sustains high
productivity during low productivity (i.e., drought) periods may also provide climate refugia
for species (Klein et al. 2009) and contribute to the adaptive capacity of an ecosystem
impacted by climate change (Mackey et al. 2012, Gould et al. 2015).

Although vegetation productivity is directly related to photosynthesis and is an important
metric of ecosystem dynamics, direct estimates of vegetation productivity are laborious to
measure on the ground (Gower et al. 1999) and are subject to a high degree of variability
dependent upon location, frequency, and assessment methodology (Lauenroth et al. 2006).
The increasing availability of remotely-sensed data and derived vegetation indices (e.g.,
Normalized Difference Vegetation Index [NDVI], Soil Adjusted Vegetation Index [SAVI], and
the tasseled cap indices) have made landscape-level estimates of surrogates for vegetation
productivity possible, enabling ecologists and land managers to assess trends in ecosystem
condition and response to environmental changes (Pettorelli et al. 2005). Specifically,
variation in NDVI has been shown to be a function of complex relationships among climatic,
topographic, and latitudinal zonation factors that impact vegetation growth (Ramsey et al.
1995). Metrics such as the interannual change in NDVI can reflect variation in climate in
areas without disturbance (Hargrove et al. 2009, Norman and Hargrove 2011) and can help

land managers highlight landscape-scale climate sensitivities.

The National Forests in Utah, including the Dixie, Fishlake, and Manti-La Sal, will not be
exempt from the effects of climate change; thus, their land managers are faced with difficult
but important decisions on how best to maintain the landscape subject to multiple uses. We
present a 26-year (1986-2011) analysis of productivity across the three National Forests to

identify those areas where declines in productivity have occurred as one contribution to
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understanding climate vulnerability in these important landscapes. We specifically looked at
how this change in vegetation productivity varied by vegetation type to identify vegetation

types in which primary production declines may have implications for land management.

Vegetation Productivity

To evaluate the change in vegetation productivity over the study period in the three National
Forests, we analyzed publicly available, vegetation-specific satellite imagery in a Geographic
Information System (GIS) and in the R programming environment (R Core Team 2014).
Specifically, we used LANDSAT 5 Thematic Mapper (TM) data available for the years 1986-
2011 (obtained from the U.S. Geological Survey’s GloVis data distribution site:
glovis.usgs.gov) for the full extent of the three National Forests (total study area: 20,809
kmZ2). This type of satellite data can be used to represent net primary productivity of
vegetation through the metric of Normalized Difference Vegetation Index (NDVI), a robust

tool for assessing ecological responses to environmental change (Pettorelli et al. 2005).

For the 1986-2011 time period (which encompassed all possible years of available data for
LANDSAT 5 TM), one set of images was obtained each year during the month of June, a
month reflecting summer vegetation productivity prior to later-summer, monsoon rains. Due
to a limited availability of quality images each month and the need for eight images in each
set (i.e., a set consists of eight images each year to cover the extent of the study area), some
years included the next best image which was selected between April and July. Images were
pre-processed for analysis (i.e., orthorectified, clouds removed, and converted to at-sensor
radiance) using the landsat package in R. Because changes in atmospheric conditions (e.g.,
increased humidity, smoke, regional haze) can affect estimates of NDVI, we calculated
atmospherically-corrected surface reflectance values using the dark-object subtraction
method (Chavez 1989) also implemented within the landsat package. NDVI values were

then calculated according to this standard formula:

NDVI =(Band 4 - Band 3)
(Band 4 + Band 3)
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Results were determined using the raster package in R. To calculate the change in

vegetation productivity during the study period, we used the difference between a 10-year
average of NDVI for the 1986-1995 time period (historical vegetation productivity) and the
2002-2011 time period (recent vegetation productivity). These two 10-year averages were
used to help reduce the effect of year-to-year variation and obtain a more robust historical

trend.

Vegetation Type

Because changes in vegetation productivity were not homogeneous across the three
National Forests, we stratified our results by vegetation type to identify vegetation types in
which productivity may have changed more than others. We used publicly available satellite
data of the most recent existing vegetation type from LANDFIRE (2010; www.landfire.gov), a
30-m pixel resolution, and a simplified version of the Society of American Foresters and
Society for Range Management (SAF_SRM) vegetation classification? as described by Shiflet
(1994). For each National Forest, we mapped the change in vegetation productivity within
the GIS. We then calculated and graphed the average change in vegetation productivity by

vegetation type for each National Forest.

2 The following descriptions indicate how the original SAF_SRM classification was consolidated: Aspen (SAF
217: Aspen); Deciduous Shrubland or Chaparral (SRM 413: Gambel oak, SRM 415: Curlleaf Mountain-
Mahogany, SRM 421: Chokecherry-Serviceberry-Rose, SRM 503: Arizona Chaparral); Desert Scrub or
Shrubland (SRM 212: Blackbush, SRM 414: Salt Desert Shrub, SRM 501: Saltbush-Greasewood, SRM 506:
Creosotebush-Bursage, SRM 605: Sandsage Prairie); Developed (LF 20: Developed, LF 80: Agriculture); Forb or
Grassland (SRM 106: Bluegrass Scabland, SRM 409: Tall Forb, SRM 410: Alpine Rangeland, SRM 502: Grama-
Galetta); Introduced Riparian Vegetation (LF 58: Introduced Woody Wetlands and Riparian Vegetation);
Introduced Upland Vegetation (LF 54: Introduced Upland Vegetation - Herbaceous); Mixed Conifer (SAF 206:
Engelmann Spruce-Subalpine Fir, SAF 209: Bristlecone Pine, SAF 210: Interior Douglas-Fir, SAF 211: White Fir,
SAF 218: Lodgepole Pine, SAF 219: Limber Pine, SAF 237: Interior Ponderosa Pine); Pinyon-Juniper Woodland
(SRM 412: Juniper-Pinyon Woodland, SRM 504: Juniper-Pinyon Pine Woodland); Riparian (SAF 235:
Cottonwood-Willow, SRM 203: Riparian Woodland, SRM 418: Bigtooth Maple, SRM 422: Riparian); Sagebrush
(SRM 314: Big Sagebrush-Bluebunch Wheatgrass, SRM 402: Mountain Big Sagebrush, SRM 403: Wyoming Big
Sagebrush, SRM 405: Black Sagebrush, SRM 406: Low Sagebrush); Sparse (LF 33: Sparsely Vegetated, No
Dominant Lifeform, Non-vegetated).
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Vegetation Productivity across the National Forests

Across the three National Forests, we detected both negative NDVI values (declines) and
positive NDVI values (increases) in change in vegetation productivity in particular areas in
the Dixie (Figure 1), Fishlake (Figure 2), and Manti-La Sal (Figure 3) for the 1986-2011 study
period. However, the average vegetation productivity was a negative value for each forest

(decline; Figure 4).

Vegetation Productivity across Vegetation Types

The dominant vegetation types (in terms of area) differed across each of the three National
Forests (Figure 5). For the Dixie, pinyon-juniper woodland (33% of area), mixed conifer (21%
of area), and aspen (16% of area) were the most prevalent. For the Fishlake, pinyon-juniper
woodland (30% of area), aspen (19% of area), and sagebrush (14% of area) were the most
prevalent. For the Manti-La Sal, aspen (26% of area), pinyon-juniper woodland (25% of area),

and mixed conifer (17% of area) were most prevalent.

All vegetation types in the three National Forests showed an average negative value for our
change in NDVI calculation, indicating a decline in vegetation productivity (Figure 6). In the
Dixie National Forest, the forb or grassland, mixed conifer, and aspen vegetation types had
the largest declines, respectively. In the Fishlake National Forest, the mixed conifer,
introduced riparian vegetation, and riparian vegetation types had the largest declines,
respectively. For the Manti-La Sal National Forest, the mixed conifer, pinyon-juniper

woodland, and introduced riparian vegetation types had the largest declines, respectively.

Vegetation Productivity across the National Forests

We detected an average decline in vegetation productivity over a recent 26-year period
across three National Forests in Utah. This average decline in vegetation productivity across

vegetation types within the three National Forests may foreshadow the continued decline in
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vegetation productivity projected for much of the Southwest’s grazed lands over the rest of

the century (Reeves et al. 2014).

We did not explicitly model relationships between vegetation productivity and livestock
grazing or climate variables (e.g., historic precipitation or temperature records) and this
analysis cannot attribute the average decline in vegetation productivity to one specific
cause. However, additional declines in vegetation productivity can be expected with ongoing
climate change, rendering ecosystems increasingly vulnerable to other disturbances (Allen
et al. 2010, Garfin et al. 2013, Seager et al. 2013, Gaitan et al. 2014). This will likely
necessitate the re-evaluation of land uses (e.g., livestock grazing, logging, recreation) that
can compound impacts from other disturbances such as wildfire, non-native species

invasions, and forest pest outbreaks.

Livestock grazing is one such land use and occurs across nearly all the Dixie, Fishlake, and
Manti-La Sal National Forests. Reduced average vegetation productivity is a red flag for
ecosystem health and suggests that the landscape may not be able to sustain livestock
grazing at the current number or intensities. Livestock grazing has a widespread influence
on native ecosystems in the region and has the potential to exacerbate climate change
impacts on the landscape (Beschta et al. 2013, 2014, Svejcar et al. 2014). While this
influence varies by livestock management practice and ecosystem type, numerous studies
have identified ecological impacts such as altered vegetation diversity (as summarized by
Fleischner 1994) and disrupted biological soil crusts (Belnap et al. 2006, Schwinning et al.
2008), which has been linked to nonnative species spread (Guenther et al. 2004, Reisner et
al. 2013). We suggest that land managers take steps to reduce compounding anthropogenic
impacts such as intense livestock grazing to improve the ability of the landscape to resist or

adapt to the pressures of climate change.

Vegetation Productivity across Vegetation Types

Our average change in vegetation productivity calculations detected declines in vegetation
productivity in all vegetation types, and the largest declines were detected in aspen, forb or
grassland, pinyon-juniper woodland, mixed conifer, riparian, and introduced riparian

vegetation types.
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Importantly, our analysis was not designed to account for or to determine changes in
vegetation type over the study period. Vegetation types within the three National Forests
may have changed since 1986, shifting in extent, seral stage, and/or dominant vegetation
cover, but the frequency of available LANDFIRE existing vegetation type data did not allow
for such changes to be tracked during the study period. For example, areas classified as
introduced riparian or introduced upland vegetation may have represented native riparian or
native upland vegetation prior to 2010 - an important consideration for land managers.
While these shifts do not directly impact our results, understanding shifts in vegetation type
over time aids in further characterizing the management implications associated with
increases or declines in vegetation productivity. As vegetation type is another important
indicator of health of grazed lands (Hunt et al. 2003), exploration of these shifts during

recent decades could be a useful expansion of this assessment.

Aspen Vegetation Type

Our results for a decline in aspen vegetation productivity coincide with the widely-
documented climate-driven decline in aspen (Populus tremuloides) forests across much of
the American West (Worrall et al. 2013). In Utah specifically, documented declines of aspen
from 2000-2004 and in 2007 as determined by NDVI have been related to extreme drought
conditions compounded by shifts in seasonal frost phenology (Currit and St Clair 2010).
Additional pressure from chronic ungulate browsing on aspen ramets (Seager et al. 2013)
has been a compounding effect on long-term aspen decline (Worrall et al. 2013). Wild and
domestic ungulate browsing have limited aspen recruitment in south-central Utah, including
in the Dixie and Fishlake National Forests (Kay and Bartos 2000). The impacts of wild and
domestic ungulate browsing on aspen recruitment continue to be a concern for aspen in the
western United States (Rogers and Mittanck 2014), particularly as they reduce aspen
resilience to current and future climate change (Seager et al. 2013). The distribution of
aspen is anticipated to decline greatly in the western United States by the end of the century
(Rehfeldt et al. 2009).
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Forb or Grassland Vegetation Type

Our analysis also detected declines in the forb and grassland vegetation type, although
spatial variation was high, particularly for the Dixie National Forest (Figure 6). These results
differ from an NDVI vegetation productivity assessment of the Western United States for a
similar time period, 1987-2007, which detected an overall increase in grassland vegetation
productivity despite later declines (Zhang et al. 2010). The declines we detected in the forb
or grassland vegetation type may coincide with the loss of native perennial grasslands to
shrub encroachment and non-native grasses in the Southwest over the last century (Gori
and Enquist 2003, Briggs et al. 2005, USFS 2014a). A repeat photography study in the
Fishlake National Forest identified that, of 321 photosets within grassland vegetation types,
39% depicted declines in grassland cover mostly attributable to sagebrush, pinyon-juniper,
and other conifer encroachment while in 4% of the photosets grassland cover increased due
to shrubland treatment and management (Kay 2003). A similar study in Utah’s Henry
Mountains identified that, of 152 photosets, 42% depicted declines in grassland cover while

in 40% grasslands increased where treatments had removed woody species (Kay 2015)

Our 2010 existing vegetation type data does not account for vegetation type change since
1986, so transitions from grassland to shrubland during this period are unaccountable.
Despite the drivers of this vegetation type’s decline in productivity, reductions in primary
productivity in grassland areas have implications for forage availability for domestic and wild
herbivores on the National Forests. Furthermore, herbivory of vegetation during periods of
limited productivity can impact the replenishment of ecological reserves (e.g., soil organic
matter) which enable vegetation response to rainfall (Noy-Meir 1973, Schwinning et al.
2008). During drought periods, loss of ecological reserves can experience negative
feedback, subsequently impacting post-drought vegetation productivity and resilience to
disturbance (Schwinning et al. 2008). Specific to domestic herbivory, livestock grazing in low
productivity, drought-stricken areas can lead to shifts in vegetation community composition
(Milchunas and Lauenroth 1993, Harris and Asner 2003) or invasive species spread (Loeser
et al. 2007). For example, a decline in vegetation quality has been predicted in other semi-
arid ecosystems due to both increases in aridity and grazing that selects for annual species
(DeBello et al. 2005, Hulme 2005). Projected intensifying drought suggests future
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reductions in grassland productivity as grass cover is positively related to average annual
precipitation (Gremer et al. 2015), particularly in arid regions such as the Southwest
(Sohoulande Djebou et al. 2015).

Mixed Conifer Vegetation Type

Our findings of declines in vegetation productivity across the mixed conifer vegetation type
reflect other studies of conifer mortality in the last two decades. A study of change in NDVI
for the western United States for 2000-2006 found an overall die-off for evergreen species
(Yuhas and Scuderi 2009). Our findings may also reflect declines from the heavy impact of
bark beetle outbreak on mixed conifer forests across the western United States. Between
1997 and 2009 almost two million acres of Utah’s mixed conifer forest experienced
mortality due to bark beetles (USFS 2011). This outbreak is expected to continue through
the end of the decade (USFS 2011) and can intensify with a warming climate (Logan et al.
2003) and drought conditions (Desprez-Loustau et al. 2006) which can also increase mixed
conifer mortality (Guarin and Taylor 2005). Declines in some other conifer species are also
projected with climate change, including ponderosa pine (Pinus ponderosa) and Douglas fir
(Pseudotsuga menziesii; Rehfeldt et al. 2006, Bureau of Land Management 2012). It is
expected that the most dramatic changes in forested ecosystems amid climate change will
materialize through changing disturbance regimes, namely wildfire (Dale et al. 2001). The
compounding impacts of wildfire with other disturbances such as ungulate grazing are
complex, although post-fire grazing with little rest period (e.g., two years) may reduce overall
native grass cover and increase non-native species occurrence (Mork 2010). In forest

understories, grazing can increase the susceptibility of grasses to drought (Kolb 2000).

Pinyon-Juniper Vegetation Type

Pinyon-juniper woodlands are considered to be expanding across much of the western
United States, particularly into shrub-steppe or sagebrush-steppe vegetation types (Miller et
al. 2008), making the decline in vegetation productivity in this vegetation type a potentially
counterintuitive result. Our 2010 existing vegetation type data did not account for vegetation
type change since 1986, so areas that may have transitioned from grassland vegetation to

pinyon-juniper vegetation over the study period (i.e., classified as pinyon-juniper vegetation
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in 2010) may be included. While this classification may have complicated the extent to
which the productivity of grassland and pinyon-juniper vegetation types have declined, it
would not have impacted the overall average decline in vegetation productivity across the

three National Forests.

Moreover, pinyon pine (Pinus edulis) and juniper (Juniperus spp.) can experience different
drought-related mortality rates due to their differing water regulation mechanisms
(McDowell et al. 2008). Distributions for each of these two species are projected to
gradually diverge with climate change (Rehfeldt et al. 2006). As pure stands of pinyon pine
are not typically considered a separate vegetation type (Shaw et al. 2005), the extensive
mortality in pinyon pine due to drought and interacting pest and disease outbreaks between

2000-2004 (Shaw et al. 2005) give more on-the-ground relevance to our results.

Riparian and Introduced Riparian Vegetation Types

Our calculations detected declines in both riparian and introduced riparian vegetation types.
Studies have described the decline of native riparian plants in the Southwest due to
changing hydrological regimes that hinder native plant recruitment and amplify invasive
species spread (Rood and Mahoney 1990). Native riparian trees, especially cottonwood
(Populus fremontii) have been considered to be on the decline (Rood and Mahoney 1990,
Busch and Smith 1995, Obedzinski and Shaw 2001). Conversely, the now-dominant riparian
invasive species of tamarisk (Tamarix spp.) and Russian olive (Elaeagnus angustifolia) have
continued to expand across the Southwest over the last several decades (Nagler et al.
2011), adding to other riparian habitat stresses such as drought periods and manipulated

flow regimes (Glenn and Nagler 2005).

Long-term riparian vegetation monitoring across the Fishlake and Manti-La Sal National
Forests is sparse (USFS 2014b). On the Dixie National Forest riparian condition is evaluated
based on metrics of herbivory (e.g., stubble height) but excludes measures of streambank
stability and stream channelization, limiting the assessment of this vegetation type (USFS
2014b). As our existing vegetation type data from 2010 did not capture vegetation changes

that may have taken place from 1986-2011, invasive riparian species may have become
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more prevalent, suggesting an underestimation of the decline in productivity for native

riparian areas.

Natural waters are considered to be hotspots of biological diversity, particularly in arid
landscapes. Threats to riparian areas are numerous (Poff et al. 2011). Increased aridity may
lead to a reduction in water availability in part due to a grazing-induced increase in soil
moisture loss (Landsberg et al. 2002, Hulme 2005). Across the three National Forests,
adverse impacts to riparian areas from dams and water diversions, wildfire, roads, and
livestock grazing have been documented (USFS 2014b). As degraded habitats are typically
more susceptible to disturbance, efforts to reduce the impact of non-climatic disturbances
such as livestock grazing in riparian vegetation types can reduce climate change
vulnerability. Riparian vegetation is rare in the three National Forests (Figure 5) and should

be a primary focus for maintaining ecosystem health.

Across the vegetation types of the Dixie, Fishlake, and Manti-La Sal National Forests,
vegetation productivity has declined on average over a recent 26-year period. This should be
a cause for concern among land managers. This decline in productivity may be attributable
to any of several interacting anthropogenic and natural disturbances. Our results, however,
suggest that these ecosystems are already stressed and may be increasingly vulnerable to
future disturbances. Ongoing and future climate change, disease and pest outbreaks, and
shifting wildfire regimes present a challenge for land managers on the three National
Forests. To reduce the consequences of further declines in vegetation productivity,
managers can reduce the impacts of compounding disturbances through careful land use
decisions that prioritize ecosystem health. A loss of vegetation productivity can represent an
increased vulnerability to natural disturbances including climate change. Interactions
between climate change impacts and multiple-use management present significant
challenges to land managers, but they also present an opportunity to balance sustainable
land uses with ecological integrity. The decreasing trends we detected in this study

encourage future strategic decisions about livestock management on these National Forests
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that factor in the impacts of climate change on productivity, particularly in vegetation types

that appear to be especially vulnerable to natural disturbances.

Allen, C. D., A. K. Macalady, H. Chenchouni, D. Bachelet, N. McDowell, M. Vennetier, T.
Kitzberger, A. Rigling, D. D. Breshears, E. H. Hogg, P. Gonzalez, R. Fensham, Z. Zhang, J.
Castro, N. Demidova, J. H. Lim, G. Allard, S. W. Running, A. Semerci, and N. S. Cobb.
2010. A global overview of drought and heat-induced tree mortality reveals emerging

climate change risks for forests. Forest Ecology and Management 259:660-684.

Belnap, J., S. L. Phillips, and T. Troxler. 2006. Soil lichen and moss cover and species
richness can be highly dynamic: The effects of invasion by the annual exotic grass
Bromus tectorum, precipitation, and temperature on biological soil crusts in SE Utah.
Applied Soil Ecology 63-76.

Beschta, R. L., D. L. Donahue, D. a. Dellasala, J. J. Rhodes, J. R. Karr, M. H. O’'Brien, T. L.
Fleischner, and C. Deacon Williams. 2013. Adapting to climate change on western public
lands: Addressing the ecological effects of domestic, wild, and feral ungulates.

Environmental Management 51:474-491.

Beschta, R. L., D. L. Donahue, D. A. DellaSala, J. J. Rhodes, J. R. Karr, M. H. O’'Brien, T. L.
Fleischner, and C. D. Williams. 2014. Reducing livestock effects on public lands in the
western United States as the climate changes: A reply to Svejcar et al. Environmental
Management 53:1039-1042.

Breshears, D. D., N. S. Cobb, P. M. Rich, K. P. Price, C. D. Allen, R. G. Balice, W. H. Romme, J.
H. Kastens, M. L. Floyd, J. Belnap, J. J. Anderson, O. B. Myers, and C. W. Meyer. 2005.
Regional vegetation die-off in response to global-change-type drought. Proceedings of
the National Academy of Sciences of the United States of America 102:15144-15148.

Briggs, J. M., A. K. Knapp, J. M. Blair, J. L. Heisler, G. A. Hoch, M. S. Lett, J. K. McCarron, and
J. K. M. C. Carron. 2005. An Ecosystem in Transition: Causes and consequences of the
conversion of mesic grassland to shrubland. BioScience 55:243. Oxford University Press.

12 of 24



Bureau of Land Management. 2012. Potential future conditions of the Colorado Plateau.
Dynamac Corporation and I. MDA Information Systems, editors. Colorado Plateau Rapid
Ecoregional Assessment. First edition. U.S. Department of Interior, Denver, Colorado,
USA.

Busch, D. E., and S. D. Smith. 1995. Mechanisms associated with decline of woody species

in riparian ecosystems of the southwestern U.S. Ecological Monographs 65:347-370.

Chavez, P. S. 1989. Radiometric calibration of Landsat Thematic Mapper multispectral

images. Photogrammetric Engineering and Remote Sensing 55:1285-1294.

Currit, N., and S. B. St Clair. 2010. Assessing the impact of extreme climatic events on

aspen defoliation using MODIS imagery. Geocarto International 25:133-147.

Dale, V. H,, L. A. Joyce, S. McNulty, R. P. Neilson, M. P. Ayres, M. D. Flannigan, P. J. Hanson,
L. C. Irland, A. E. Lugo, C. J. Peterson, D. Simberloff, F. J. Swanson, B. J. Stocks, and B. M.
Wotton. 2001. Climate change and forest disturbances. BioScience 51:723. American

Institute of Biological Sciences.

DeBello, F., J. Leps, and M.-T. Sebastia. 2005. Predictive value of plant traits to grazing
along a climatic gradient in the Mediterranean. Journal of Applied Ecology 42:824-833.

DeFries, R. S., C. R. Field, I. Fung, G. J. Collatz, and L. Bounoua. 1999. Combining satellite
data and bioegeochemical models to estimate global effects of human-induced land
cover change on carbon emissions and primary productivity. Global Biogeochemical
Cycles 13:803-815.

Desprez-Loustau, M.-L., B. Marcais, L.-M. Nageleisen, D. Piou, and A. Vannini. 2006.
Interactive effects of drought and pathogens in forest trees. Annals of Forest Science
63:597-612.

Field, C. B., J. T. Randerson, and C. M. Malmstrom. 1995. Global net primary production:

Combing ecology and remote sensing. Remote Sensing of Environment 51:74-88.

Fleischner, T. L. 1994. Ecological costs of livestock grazing in western North America.
Conservation Biology 8:629-644.
13 of 24



Gaitan, J. J., D. Bran, G. Oliva, F. T. Maestre, M. R. Aguiar, E. Jobbagy, G. Buono, D. Ferrante,
V. Nakamatsu, G. Ciari, J. Salomone, and V. Massara. 2014. Plant species richness and
shrub cover attenuate drought effects on ecosystem functioning across Patagonian
rangelands. Biology Letters 10:20140673.

Garfin, G. M., A. Jardine, R. Merideth, M. Black, and S. LeRoy, editors. 2013. Assessment of
climate change in the southwest United States. Southwest Conservation Alliance. Island
Press, Washington, DC, USA.

Glenn, E. P., and P. L. Nagler. 2005. Comparative ecophysiology of Tamarix ramosissima
and native trees in western U.S. riparian zones. Journal of Arid Environments 61:419-
446.

Gori, D. F., and C. A. F. Enquist. 2003. An Assessment of the spatial extent and condition of
grasslands in central and southern Arizona, southwestern New Mexico, and northern

Mexico. The Nature Conservancy, USA.

Gould, S. F., S. Hugh, L. L. Porfirio, and B. Mackey. 2015. Ecosystem greenspots pass the
first test. Landscape Ecology 30:141-151.

Gower, S. T., C. J. Kucharik, and J. M. Norman. 1999. Direct and indirect estimation of Leaf
Area Index, fAPAR, and net primary production of terrestrial ecosystems. Remote Sensing
of Environment 70:29-51.

Gremer, J. R., J. B. Bradford, S. M. Munson, and M. C. Duniway. 2015. Desert grassland
responses to climate and soil moisture suggest divergent vulnerabilities across the
southwestern United States. Global Change Biology 21:4049-4062.

Guarin, A., and A. H. Taylor. 2005. Drought triggered tree mortality in mixed conifer forests in

Yosemite National Park, California, USA. Forest Ecology and Management 218:229-244.

Guenther, D., T. J. Stohlgren, and P. Evangelista. 2004. A comparison of a near-relict site
and a grazed site in a pinyon-juniper community in the Grand Staircase--Escalante
National Monument, Utah. The Colorado Plateau: Cultural, Biological and Physical
Research 1957:153-162.

14 of 24



Hargrove, W. W., J. P. Spruce, G. E. Gasser, and F. M. Hoffman. 2009. Toward a national
early warning system for forest disturbances using remotely-sensed canopy phenology.

Photogrammetric Engineering and Remote Sensing 1150-1156.

Harris, A. T., and G. P. Asner. 2003. Grazing gradient detection with airborne imaging

spectroscopy on a semi-arid rangeland. Journal of Arid Environments 55:391-404.

Hulme, P. E. 2005. Adapting to climate change: Is there scope for ecological management in
the face of a global threat? Journal of Applied Ecology 42:784-794.

Hunt, E. R., J. H. Everitt, J. C. Ritchie, M. S. Moran, D. T. Booth, and G. L. Anderson. 2003.
Applications and research using remote sensing for rangeland management.

Photogrammetric Engineering and Remote Sensing 1-37.

Kay, C. E., and D. L. Bartos. 2000. Ungulate herbivory on Utah aspen: Assessment of long-

term exclosures. Journal of Range Management 53:145-153.

Kay, C. E. 2003. Long-term vegetation change on Utah’s Fishlake National Forest: A study in
repeat photography. Utah State University, Utah, USA.

Kay, C. E. 2015. Long-term vegetation change in Utah’s Henry Mountains. BLM-UT-GI-
14001-8002+REV15 Bureau of Land Management, Utah, USA.

Klein, C., K. Wilson, M. Watts, J. Stein, S. Berry, J. Carwardine, M. S. Smith, B. Mackey, and
H. Possingham. 2009. Incorporating ecological and evolutionary processes into

continental-scale conservation planning. Ecological Applications 19:206-217.

Kolb, P. F. 2000. Forestland Grazing: Understory Forage Management. Montana Tree Farm
System. <http://www.mttreefarm.org/Forestry-Tips/graze.pdf> Accessed September
2014.

Landsberg, J., C. D. James, J. Maconochie, A. O. Nicholls, J. Stol, and R. Tynan. 2002. Scale-
related effects of grazing on native plant communities in an arid rangeland region of
South Australia. Journal of Applied Ecology 39:427-444.

15 of 24



Lauenroth, W. K., A. A. Wade, M. A. Williamson, B. E. Ross, S. Kumar, and D. P. Cariveau.
2006. Uncertainty in calculations of net primary production for grasslands. Ecosystems
9:843-851.

Loeser, M. R., T. D. Sisk, and T. E. Crews. 2007. Impact of grazing intensity during drought in

an Arizona grassland. Conservation Biology 21:87-97.

Logan, J. A., J. Régniére, and J. A. Powell. 2003. Assessing the impacts of global warming on

forest pest dynamics. Frontiers in Ecology and the Environment 130-137.

Mackey, B., S. Berry, S. Hugh, S. Ferrier, T. D. Harwood, and K. J. Williams. 2012. Ecosystem
greenspots: ldentifying potential drought, fire, and climate-change micro-refuges.
Ecological Applications 22:1852-1864.

McArthur, E. D., S. G. Kitchen, D. W. Uresk, and J. E. Mitchell. 2000. Applicability of Montreal
Process Criterion 2 - productive capacity - to rangeland sustainability. International

Journal of Sustainable Development and World Ecology 7:97-106.

McDowell, N., W. T. Pockman, C. D. Allen, D. D. Breshears, N. Cobb, T. Kolb, J. Plaut, J.
Sperry, A. West, D. G. Williams, and E. A. Yepez. 2008. Mechanisms of plant survival and
mortality during drought: Why do some plants survive while others succumb to drought?
New Phytologist 178:719-739.

Milchunas, D. G., and W. K. Lauenroth. 1993. Quantitative Effects of Grazing on Vegetation

and Soils over a Global Range of Environments. Ecological Monographs 63:327.

Miller, R. F., R. J. Tausch, E. D. McArthur, D. D. Johnson, and S. C. Sanderson. 2008. Age
Structure and Expansion of Pinon-Juniper Woodlands: A Regional Perspective in the
Intermountain West. USDA Forest Service Rocky Mountain Research Station RMRS-RP-
69.

Milton, S. J., W. R. J. Dean, M. a Plessis, W. R. Siegfried, and M. a Plessis. 1994. A
conceptual model of arid rangeland degradation: The escalating cost of declining
productivity. BioScience 44:70-76.

16 of 24



Mork, L. A. 2010. Livestock grazing after wildfire: Understory response, current
management, and implications for conservation of southwestern forests. Northern

Arizona University, Arizona, USA.

Nagler, P. L., E. P. Glenn, C. S. Jarnevich, and P. B. Shafroth. 2011. Distribution and
abundance of saltcedar and Russian Olive in the western United States. Critical Reviews
in Plant Sciences 30:508-523.

Norman, S. P., and W. W. Hargrove. 2011. Land surface phenology as a coarse-filter
indicator of disturbance and climatic effects across the coast redwood range. USDA
Forest Service PSW-GTR-238.

Noy-Meir, I. 1973. Desert ecosystems: Environment and producers. Annual Review of

Ecology and Systematics 4:25-51.

Obedzinski, R. A., and C. G. Shaw. 2001. Declining woody vegetation in riparian ecosystems
of the western United States. Western Journal of Applied Forestry 16:169-181.

Pettorelli, N., J. O. Vik, A. Mysterud, J.-M. Gaillard, C. J. Tucker, and N. C. Stenseth. 2005.
Using the satellite-derived NDVI to assess ecological responses to environmental

change. Trends in Ecology and Evolution 20:503-10.

Poff, B., K. A. Koestner, D. G. Neary, and V. Henderson. 2011. Threats to riparian
ecosystems in western North America: An analysis of existing literature. Journal of the

American Water Resources Association 47:1241-1254.

Ramsey, R. D., A. Falconer, and J. R. Jensen. 1995. The relationship between NOAA-AVHRR
NDVI and ecoregions in Utah. Remote Sensing of Environment 53:188-198.

Reeves, M. C., A. L. Moreno, K. E. Bagne, and S. W. Running. 2014. Estimating climate
change effects on net primary production of rangelands in the United States. Climatic
Change 429-442.

Rehfeldt, G. E., N. L. Crookston, M. V. Warwell, and J. S. Evans. 2006. Empirical analyses of
plant-climate relationships for the western United States. International Journal of Plant

Sciences 167:1123-1150.
17 of 24



Rehfeldt, G. E., D. E. Ferguson, and N. L. Crookston. 2009. Aspen, climate, and sudden
decline in western USA. Forest Ecology and Management 258:2353-2364.

Reisner, M. D., J. B. Grace, D. a. Pyke, and P. S. Doescher. 2013. Conditions favouring
Bromus tectorum dominance of endangered sagebrush steppe ecosystems. Journal of
Applied Ecology 50:1039-1049.

Rogers, P. C., and C. M. Mittanck. 2014. Herbivory strains resilience in drought-prone aspen
landscapes of the western United States. Z. Kikvidze, editor. Journal of Vegetation
Science 25:457-469.

Rood, S. B., and J. M. Mahoney. 1990. Collapse of riparian poplar forests downstream from
dams in western prairies: Probable causes and prospects for mitigation. Environmental
Management 14:451-464.

Schwinning, S., J. Belnap, D. R. Bowling, and J. R. Ehleringer. 2008. Sensitivity of the
Colorado Plateau to change: Climate, Ecosystems, and Society. Ecology and Society
13:20.

Seager, S. T., C. Eisenberg, and S. B. St. Clair. 2013. Patterns and consequences of ungulate
herbivory on aspen in western North America. Forest Ecology and Management 299:81 -
90.

Shaw, J. D., B. E. Steed, and L. T. Deblander. 2005. Forest Inventory and Analysis (FIA)
Annual inventory answers the question: What is happening to pinyon-juniper woodlands?
Journal of Forestry 280-285.

Shiflet, T. N. 1994. Rangeland cover types of the United States. T. N. Shiflet, editor. Society
for Range Management, USA.

Sohoulande Djebou, D. C., V. P. Singh, and O. W. Frauenfeld. 2015. Vegetation response to
precipitation across the aridity gradient of the southwestern United States. Journal of
Arid Environments 115:35-43. Elsevier Ltd.

Svejcar, T., C. Boyd, K. Davies, M. Madsen, J. Bates, R. Sheley, C. Marlow, D. Bohnert, M.

Borman, R. Mata-Gonzalez, J. Buckhouse, T. Stringham, B. Perryman, S. Swanson, K.
18 of 24



Tate, M. George, G. Ruyle, B. Roundy, C. Call, K. Jensen, K. Launchbaugh, A. Gearhart, L.
Vermeire, J. Tanaka, J. Derner, G. Frasier, and K. Havstad. 2014. Western land managers
will need all available tools for adapting to climate change, including grazing: A critique
of Beschta et al. Environmental Management 53:1035-1038.

USFS. 2011. Western Bark Beetle Strategy for Human Safety, Recovery and Resiliency.
USDA Forest Service Washington, DC, USA.

USFS. 2014a. Final Environmental Impact Statement for the Kaibab National Forest Land
and Resource Management Plan. USDA Forest Service Washington, DC, USA.

USFS. 2014b. Initial Review of Livestock Grazing Effects on Select Ecosystems of the Dixie,
Fishlake, and Manti-La Sal National Forests. USDA Forest Service Washington, DC, USA.

Worrall, J. J., G. E. Rehfeldt, A. Hamann, E. H. Hogg, S. B. Marchetti, M. Michaelian, and L. K.
Gray. 2013. Recent declines of Populus tremuloides in North America linked to climate.

Forest Ecology and Management 299:35-51.

Yuhas, A. N., and L. A. Scuderi. 2009. MODIS-derived NDVI characterisation of drought-

induced evergreen dieoff in Western North America. Geographical Research 47:34-45.

Zhang, X., M. Goldberg, D. Tarpley, M. A. Friedl, J. Morisette, F. Kogan, and Y. Yu. 2010.
Drought-induced vegetation stress in southwestern North America. Environmental
Research Letters 5:11.

19 of 24



Figures

%

Prareay

Meaguite 37,
0 82
3

B0 775 MG /e
: Km

! i i3

& Vakey <
= x . EroRetivonge & vidad f
Dixie National Forest
S e ¥ . ‘l"\ , y Sevier év. e
£ Whinerast 7 y 7 4
x & o~ ¥
= s s
L Ex 2 A
¥ > %
e 3
whlios < Y
3
r
H
¥ é"
+°\' "»‘:

Average Change in

Vegetation Productivity
(ANDVI)
1986-2011

p— Largest Increase : 0.41
- Average Change :-0.16
Largest Decrease :-0.90

Figure 1 - Average change in vegetation productivity (ANDVI) for the Dixie National Forest, 1986-2011. NDVI is a vegetation

greenness index and is therefore unitless. It can range from -1 to 1.
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Figure 2 - Average change in vegetation productivity (ANDVI) for the Fishlake National Forest, 1986-2011. NDVI is a

vegetation greenness index and is therefore unitless. It can range from -1 to 1.
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Figure 3 - Average change in vegetation productivity (ANDVI) for the Manti-La Sal National Forest, 1986-2011. NDVI is a
vegetation greenness index and is therefore unitless. It can range from -1 to 1.
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Figure 4 - Average change in vegetation productivity (ANDVI) for the Dixie (DNF), Fishlake (FNF), and Manti-La Sal (MLSNF)
National Forests for 1986-2011. Although vegetation productivity values ranged from negative (decline) to positive
(increase), there was an average decline in vegetation productivity for each of the forests. NDVI is a vegetation greenness
index and is therefore unitless. It can range from -1 to 1.
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Figure 5 - Portion of National Forest area covered by each vegetation type for the Dixie (DNF), Fishlake (FNF), and Manti-La
Sal (MLSNF) National Forests.
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Figure 6 - Average change in vegetation productivity (ANDVI), 1986-2011, for the Dixie (DNF), Fishlake (FNF), and Manti-La
Sal (MLSNF) National Forests by vegetation type. Although each vegetation type had vegetation productivity values ranging
from negative (decline) to positive (increase), the average values for each depicted a decline in productivity. NDVI is a
vegetation greenness index and is therefore unitless. It can range from -1 to 1.
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