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We examined multiple environmental factors related to climate change that affect cattle production on
rangelands to identify sources of vulnerability among seven regions of thewestern United States. Climate change
effectswere projected to 2100 using published spatially explicit model output for four indicators of vulnerability:
forage quantity, vegetation type trajectory, heat stress, and interannual forage variability. Departure of projec-
tions from the baseline (2001–2010) was used to estimate vulnerability of present-day cattle operations. The
analysis indicated 1) an increase in forage quantity in northern regions; 2) a move from woody dominance to-
ward grassier vegetation types overall but with considerable spatial heterogeneity; 3) a substantial increase in
the number of heat-stress days across all regions beginning as early as 2020–2030; and4) higher interannual var-
iability of forage quantity for most regions. All four factors evaluated in tandem suggest declining production in
southern and western regions. In northern and interior regions, the benefits of increased net primary productiv-
ity or increasing abundance of herbaceous vegetation are mostly tempered by increases in heat stress and forage
variability.Multiple indicators point toward increasing vulnerability of cattle production in southwestern regions
providing strong support for the need for adaptation measures and suggest significant change to the industry.
Opposing indicators in northern regions point toward the need for cattle operations to increase flexibility to
take advantage of periods of favorable production while preparing for uncertainty, variability, and increasing
stress from individual factors.

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

The United States is the world’s largest producer of beef, contribut-
ing approximately 19% of global production in 2014 (Cook, 2014). In
2013, gross income from the national inventory of approximately 89
million cattle was nearly 102 billion USD. Of the many ecosystem ser-
vices derived from rangelands, grazing by domestic livestock is one of
themost widespread globally (Allred et al., 2014). Most beef cattle pro-
duction on western US rangelands occurs in the Great Plains states, the
Interior-West, and California (Reeves and Mitchell, 2012) with produc-
tion concentrated in the central region from Texas to North Dakota
(Fig. S1, available online at 10.1016/j.rama.2017.02.005). Many cattle
are produced in southern and eastern states, but these states generally
do not support significant areas of rangelands.
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Present trends and conditions indicate that the United States is al-
ready undergoing climatic change. Average temperature has increased
by 1.3°F−1.9°F since 1895, and most of this increase has occurred
since 1970 (Melillo et al., 2014). Further evidence that climates are
changing is demonstrated by atmospheric warming, glacial retreat, var-
iable and hastened plant phenology, altered precipitation patterns, and
increasing wildfire activity (Parmesan and Yohe, 2003; Polley et al.,
2013). Impacts to ecosystem services such as forage production for
wild and domestic ungulates are predicted to vary regionally in concert
with differences in projected precipitation and temperature, as well as
in vegetation type, soils, fire regimes, and the adaptive capacity of live-
stock operations (Walthall et al., 2012; Polley et al., 2013). Impacts on
livestock operations vary with lower risk observed on larger ranches
with shorter grazing periods, multiple income sources, and livestock di-
versification (Kachergis et al., 2014). Ranchers typically increase pre-
paredness following negative events such as drought but may not
adequately address high-severity events or the lasting strain onfinances
(Coppock, 2011; McClaran et al., 2015).

These recent climatic trends interact with biotic factors including
predators, parasites, and invasive species, whichwill compound to neg-
atively impact the future of cattle operations (Polley et al., 2013), espe-
cially in the southwestern United States. Each of these stressors alone
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will affect the sustainability of cattle production within a context of so-
cioeconomic factors that affect production decisions and the ability to
adapt. Together they create a set of stressors to future cattle production,
especially when expressed against the backdrop of projected climatic
change over the next century. In the coming decades, cattle and cattle
operations are expected to be exposed to varying environmental factors
such as warming temperatures, altered precipitation patterns, more
extreme weather, and changing fire regimes, as well as to changing so-
cioeconomic factors such as land use, global market demand, and gov-
ernment subsidy programs (Howden et al., 2008; Thornton, 2010;
Izaurralde et al., 2011; Polley et al., 2013).

Despite the economic and cultural importance of cattle production,
few studies have examined the possible impacts of changes in climate
and associated rangeland ecosystem responses on future US cattle pro-
duction. This type of research is critical to selecting effective adaptation
strategies to sustain production such as flexible herd and grazing man-
agement (Joyce et al., 2013; Roche et al., 2015), selection of breeds or
species of livestock, pest management, supplemental forage, and geo-
graphic relocation of cattle (Joyce et al., 2013; Roche et al., 2015).

To improve our understanding of this complex issue, we examined
four biophysical indicators of sustainable beef cattle operations on
rangelands. The actual future of cattle production depends on many so-
cial, economic, and management factors but is ultimately controlled by
the environment. Many other factors, such as lifestyle and international
markets, affect cattle production decisions (Torell et al., 2001), but bio-
physical indicators suggest upper constraints, or the best-case scenario.
The factors examined were forage quantity, vegetation type, forage de-
pendability, and heat stress. These factors were chosen because of
known links to cattle production, as outlined later, and the availability
of spatially explicit future projections over the coterminous United
States based on multiple climate models and global change scenarios
(Table 1).

Vegetation quantity combined with vegetation type controls overall
forage supply and, ultimately, the capacity to produce livestock. Vegeta-
tion type is essential to setting stocking rates because it controls thepro-
portion of primary production that is usable by cattle (Holechek, 1988).
For example, changing plant species composition affects forage avail-
ability because cattle exhibit grazing preferences such as selection of
herbaceous over woody species (Petersen et al., 2014). Woody plant
species can spread rapidly and greatly reduce cover of herbaceous for-
age plants preferred by cattle (Engle et al., 1987; Briggs et al., 2002). Ex-
pansion of woody species under climate change is projected in some
regions, such as for red cedar (Juniperus virginiana) in the Great Plains;
conversely, contractionmay occur in arid regions aswoody species suc-
cumb to drought stress or where fire frequency is increased (Breshears
et al., 2005; Peters et al., 2006; Iverson et al., 2008).

As with changes in vegetation type, changes in net primary produc-
tion (NPP) are not expected to be uniform across the landscape (Reeves
et al., 2014). For example, benefits of increased CO2 levels may be
greatest in semiarid regions where the effect of increased water use ef-
ficiency is most pronounced (Izaurralde et al., 2011). Others suggest
that NPP will be highest under elevated CO2 in wet years because of ef-
fects on soil respiration and nutrient availability (Parton et al., 2007). Al-
though elevated CO2 can stimulate plant growth, patterns of rainfall
timing, intensity, and interannual variability will also affect plant
Table 1
Global Circulation Model (GCM) combinations and emissions scenarios used to estimate future
scenarios are from the IPCC Third Assessment (Nakicenovic et al., 2000)

IPCC scenario (storyline)

B1 B2

General description Globalization, convergence Slow change, localize
GDP growth Medium Low
Population growth Low Medium
GCMs HadCM2SUL, CGCM1 GCGM2, HadCM3
productivity, resulting in regional differences (Fay et al., 2002; Polley
et al., 2015).

In a similar manner, the predictability of forage quantity, or forage
dependability, is one of themost critical of the livestock production fac-
tors that determine the viability of livestock operations in a region
(Eakin and Conley, 2002; Ash et al., 2012). Variation in productivity cre-
ates unpredictable conditions and requires increasingflexibility in cattle
operations, such as stocking rates, herd size, herd movement, or use of
supplemental feed (McKeon et al., 2009; Ash et al., 2012). For example,
animal numbers should be reduced during drought because local forage
production is insufficient and competition increases among livestock
operations for forage alternatives (Eakin and Conley, 2002; Brunson
and Tanaka, 2011). Furthermore, increased rainfall variability results
in lower than expected NPP because variability affects plant response
to elevated CO2 and availability of nitrogen (Fay et al., 2002, 2003;
Milchunas et al., 2005; Izaurralde et al., 2011; Larsen et al., 2011).

The impact of excessive heat on livestock production is of growing
concern as global temperatures rise (Baker et al., 1993; Howden et al.,
2008). High temperatures and humidity can induce heat stress in live-
stock, which increases water demand. Concurrently, natural surface
water sources will be increasingly scarce and operations may need to
supplement water supplies. The added heat stress reduces weight gain
as rumination decreases and energy is expended to reduce body tem-
perature (Bonsma et al., 1940; Finch, 1986; Howden et al., 2008). In
one study, weight gain in an individual cow was reduced by 0.4 kg
day−1 for each 1°C of body temperature above the thermal neutral
zone (Finch, 1986; Crescio et al., 2010). Other heat stress effects include
sterility, lowered immune response, and, at extreme levels, mortality
(Bonsma et al., 1940; Hahn, 1999). Heat stress in cattle is related to
the temperature-humidity index (THI), a simple index correlated to
physiological heat response that closely tracks more extensive models
of heat transfer (Howden and Turnpenny, 1998). Humidity is important
in predicting stress response in cattle and corresponds to the relatively
high rate of heat-related mortality in the southeastern United States
(Finch, 1986; West, 2003). A climate change projection for Australian
rangelands found safe values of THI for beef cattle were exceeded on
38% of days under doubled CO2 as compared with 16% of days under
current conditions (Howden and Turnpenny, 1998).

The present study seeks to quantify the influence of climate change
on biophysical properties and identify implications for cattle production
from US rangelands. For the first time, we evaluate the concurrent per-
formance of the four biophysical indicators subjected to three climate
change scenarios and create an index to aid quantification of the im-
pacts to cattle operations. To do this, the vulnerability of cattle and cattle
operations to climate changewas estimated spatially and temporally for
the four biophysical indicators as a departure from the baseline of
2001–2010 up to the yr 2100. Importantly, a contemporary baseline pe-
riod includes a range of variability and occurrence of extreme events
that we assumed to be incorporated into local livestock operation de-
sign andmaintenance. Use of the 2001–2010 period creates a conserva-
tive assessment of vulnerability because it includes significant climatic
changewhen comparedwith the 20th century. The projected departure
of each indicator (forage quantity, vegetation type, forage dependabili-
ty, and heat stress) was first quantified separately for the coterminous
US rangeland extent by seven regions. These four factors were then
climates developed by Coulson et al. (2010a, 2010b) and Bachelet et al. (2001). Emissions

A2 A1B

d Regionalism, less trade Rapid growth, technology
Low High
High Low
GCGM2, CSIRO MK2, MIROC3.2 GCGM2, CSIRO MK2, MIROC3.2
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combined into a vulnerability index to examine their agreement with
regard to departure from baseline conditions. This allowed identifica-
tion of rangeland regions where outcome is more uncertain and
where negative impacts frommultiple factors threaten sustainable cat-
tle operations.

Methods

The potential effects of climate change on potential cattle production
were evaluated across four emission scenarios from the Intergovernmen-
tal Panel on Climate Change (IPCC; Nakicenovic et al., 2000) and the aver-
age and variability of four General Circulation Models (GCMs) (Table 1).
These scenarios and GCMs were chosen on the basis of data availability,
which was constrained by the NPP data produced by Reeves et al.
(2014). Data corresponding to these scenarios came from Coulson et al.
(2010a, 2010b) and Bachelet et al. (2001). For each of the four vulnerabil-
ity indicators (Table 2), the magnitude and direction of change were
quantified under the emissions scenarios to the yr 2100 (see Table 1). In
addition, all the GCMs for a given scenario were averaged such that the
data represent primarily differences among scenarios instead of among
GCMs. Results are reported at the scenario level to represent the potential
range of vulnerability of cattle operations to climate change.

All indicators were available at a spatial resolution of 8 km and cov-
ered the extent of rangelands in the coterminous United States. The
rangeland extent was estimated from Reeves and Mitchell (2011),
who developed a 30 m spatially explicit depiction of coterminous US
rangelands. To match the spatial resolution of the vulnerability indica-
tors, the rangeland extent was resampled to 8 km (Fig. 1). This was ac-
complished by identifying all of the 8 km pixels containing N50%
coverage by 30 m pixels considered as rangeland in Reeves and Mitchell
(2011). Figure 1 illustrates the regions for analysis including Northern
Great Plains, Southern Great Plains, Desert Southwest, Southwest, Eastern
Prairies, Pacific Southwest, and InteriorWest. Results for these regions are
summarized.

Forage Quantity

Forage quantity was derived from annual net primary production
(NPP) estimates from Reeves et al. (2014) (see Table 2). These annual
NPP estimates were generated through use of the biogeochemical
model Biome-BGC (Running and Hunt, 1993), enabling estimates of an-
nual NPP (kg C ha−1 yr−1) from 2001 to 2100. Total annual NPP in each
year for each 8 kmpixel within the study areawas used to calculate per-
centage change from the 10-yr average baseline NPP (2001–2010).
Larger reductions from the baseline were assumed to produce greater
vulnerability and, similarly, greater increases from the baseline to
Table 2
Source of data for elements and variables used to calculate climate change vulnerability of US ca
~8 km)

Element Variable used Units

Forage quantity Total annual NPP kg C ha−1 yr−1

Vegetation type trajectory Pixels projected as grass or forb
types each year

Percent per decade

Heat stress THI Days yr−1 THI N stre
Forage dependability NPP interannual variability Decadal SD of annua

NPP, net primary production; THI, temperature humidity index; SD, standard deviation.
Sources:

Reeves, M., A. Moreno, K. Bagne, and S. Running. 2014. Estimating the effects of climate c
Bachelet, D., J. Lenihan, C. Daly, R. Neilson, D. Ojima, and W. Parton. 2001. MC1: a dynam

system fluxes of carbon, nutrients, and water. Corvallis, OR, USA: USDA Forest Service
Coulson, D., L. Joyce, D. Price, and D. McKenney. 2010a. Climate scenarios for the contermi

matology. Fort Collins, CO, USA: US Department of Agriculture, Forest Service, Roc
Catalog?freesearch=coulson. Accessed 31 March 2017.

Coulson, D., L. Joyce, D. Price, D. McKenney, R. Siltanen, P. Papadopol and K. Lawrence. 201
tial scale using SRES scenarios A1B and A2 and PRISM climatology. Fort Collins, CO, U
Available at: https://www.fs.usda.gov/rds/archive/Catalog?freesearch=coulson. Acce
imply greater resilience or potential benefit. Not all NPP is available as
forage because it describes both aboveground and belowground pro-
duction and woody production where it occurs. For this study, the
projected NPP is compared with the baseline as an indicator of change
rather than an absolute value of forage availability. In addition, the
amount of NPP potentially available for use by cattle is tempered by
projected changes in vegetation type since a trend toward increasing
woody dominance is assumed to be less favorable in this assessment.

Vegetation Type Trajectory

Future vegetation types were estimated using output from the
dynamic global vegetation model MC2, the latest version of MC1
(Bachelet et al., 2001; Peterman et al., 2014). This model combines a
modified version of CENTURY (Parton et al., 1993) to simulate carbon,
nitrogen, and hydrologic cycles, with biogeography rules derived from
MAPSS (Neilson, 1995). This is a physiological model that simulates po-
tential vegetation (e.g., evergreen or deciduous tree, C3 or C4 grass). Fire
disturbance andmortality are integrated into themodel, and we select-
ed the output with no fire suppression (Bachelet et al., 2001).

To convert the MC2 potential vegetation data into suitable informa-
tion for inclusion in the vulnerability analysis, each 8-km2 pixel was
coded as either preferable (value = 1) or nonpreferable (value =
0) for each year. Preferred types for cattle grazing were herbaceous-
dominated classes of either C3 or C4 grasses, but not shrub or tree
plant forms. The number of years for each decade in preferred vegeta-
tion typeswas then summed. The proportion of years in each decade oc-
cupied by preferred vegetation types was compared with the baseline
decade enabling a quantitative approximation of the trajectory of po-
tential vegetation toward or away from a preferred forage type. The
available model output from MC2 did not include the B2 scenario, as
wasused for the other indicators, and theB1 scenario from theMC2 out-
put was used in its place.

Heat Stress

Heat stress in cattle is related to THI, a simple index correlated to
physiological heat response that has been shown to closely track more
extensive models of heat transfer (Howden and Turnpenny, 1998).
Projected daily values for average temperature (Tair in degrees Celsius)
and relative humidity (RH) were used to calculate THI as:

THI ¼ 0:8� Tair þ RH� Tair–14:4ð Þ þ 46:4 ½1�

following Hahn (1995)and Brown-Brandl et al. (2006). The climatologi-
cal data needed for quantifying THI came from Coulson et al. (2010a,
ttle production on rangelands. Output units are for each rangeland pixel (2.5 arc minute or

Data source Citations

Biome-BGC Reeves et al. (2014)
MC2 Bachelet et al. (2001)

ss threshold IPCC 3rd Assessment Coulson et al. (2010a, 2010b)
l NPP (kg C ha−1 yr−1) Biome-BGC Reeves et al. (2014)

hange on net primary production of US rangelands. Climatic Change 126:429–442.
ic vegetation model for estimating the distribution of vegetation and associated eco-
Pacific Northwest Research Station, General Technical Report PNW-GTR-508.

nous United States at the county spatial scale using SRES scenarios B2 and PRISM cli-
ky Mountain Research Station. Available at: https://www.fs.usda.gov/rds/archive/

0b. Climate scenarios for the conterminous United States at the 5 arcminute grid spa-
SA: US Department of Agriculture, Forest Service, Rocky Mountain Research Station.
ssed 31 March 2017.

https://www.fs.usda.gov/rds/archive/Catalog?freesearch=coulson
https://www.fs.usda.gov/rds/archive/Catalog?freesearch=coulson
https://www.fs.usda.gov/rds/archive/Catalog?freesearch=coulson


Figure 1. Extent of rangelands resampled from 30 m to 8 km based on Reeves and Mitchell (2011). Study area is divided into seven regions.
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2010b) as monthly averages. Because the computation of THI required
daily values for temperature and RH, temporal downscaling was need-
ed. Temporal downscaling of monthly averaged maximum and mini-
mum temperatures and precipitation to daily estimates was achieved
using the delta method for each GCM and Special Report on Emissions
Scenarios (SRES) case (Mote and Salathé, 2010). The deltamethod com-
pares current climate to projected climate at each grid cell, and a ratio
between these two data points is used as a “change factor” that is mul-
tiplied by current climate data. This assumes a linear relationship be-
tween the two data points and is a widely used method for spatially
downscaling in climate change studies. Note that the daily climate
data for each GCM and scenario combination only included downscaled
daily minimum and maximum temperature (Tmin, Tmax) (Coulson
et al., 2010a, 2010b) and vapor pressure deficit (VPD) (Reeves et al.,
2014). However, the THI formula requires RH and average temperature.
Thus, average daily air temperature was computed as:

Tair ¼ ðTmin þ Tmax

�
=2 ½2�

Relative humidity was computed from VPD by using:

RH ¼ ea Tairð Þ‐VPD
es Tairð Þ ½3�
where ea is ambient vapor pressure and es is saturation vapor pressure
given by Tetens’ formula:

es Tð Þ−a exp
bT

T þ c

� �
½4�

where T is temperature (degrees Celsius) and a, b, and c are constants
thatwere assigned values consistentwith environmental biophysics ap-
plications (a = 0.611 kPa, b = 17.502, c = 240.97°C; Campbell and
Norman, 1998). The index of heat stress vulnerability for cattle produc-
tion (HSI) was calculated from the total number of days per year where
THI exceeded a stress threshold of 74. When THI is N 74, a heat stress
alert for beef cattle is triggered under the Livestock Weather Safety
Index (Hahn et al., 2009). Vulnerability due to heat stress was subse-
quently formulated as the percentage change from the average of the
baseline decade.

Forage Dependability

Dependability of forage supply was attributed to interannual vari-
ability in forage quantity andmeasured as themean decadal interannu-
al variation in NPP. The NPP available for this computation was derived
from Reeves et al. (2014) as stated earlier. Interannual variability was
measured by change in the decadal average of standard deviation (SD)
of annual NPP from the 10-yr baseline average SD. As with the other
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three indicators, vulnerability was quantified relative to current condi-
tions. Increasing variability was assumed to be a negative factor and
acted to increase the estimated vulnerability for a given area.

Vulnerability Index

An index was used to simultaneously examine vulnerability based
on the biophysical indicators. A composite score or “vulnerability
index” is helpful in the absence of a deterministic model because it inte-
gratesmultiple vulnerability indicators into onequantitativemetric that
can be used to make regional comparisons temporally and spatially. To
create a composite index, all indicators that affect the target variable can
be set to a consistent unit, such as percentage change or a categorical
index score indicating direction of change, to allow multiple indicators
to be summed or averaged (Baker et al., 1993; Hurd et al., 1999; O'Brien
et al., 2004; Bagne et al., 2011).

The change for each of the four indicators was standardized by the
amount of departure from the baseline. Change was scored as 1 if
N 10% and 2 if N 20%. Sign of the score designated the direction of change
with negative values indicating worse conditions for cattle production.
Changes ≤ 10% were given a score of 0. These breakpoints are arbitrary
but remain consistent among indicators across space and through
time, enabling relative changes in the overall environment for cattle op-
erations to be identified. All indicators were considered to be indepen-
dent and equally important to vulnerability of cattle production. The
vulnerability scores of the indicators were then summed to create an
index of overall vulnerability in each projected year. Each of the four in-
dicators can have a vulnerability score of−2 to +2, so the range of po-
tential values in the overall vulnerability index is −8 to +8. Overall
scores were classified as highly resilient (≥ 4), resilient (N 2), neutral
(≤ 2 and ≥ −2), vulnerable (b −2), or highly vulnerable (≤ −4).

Scenario Variation and Agreement Among Vulnerability Indicators

Model outcome varied with scenario and by GCM. Outputs from
GCMs are shown as an average and SD for each emissions scenario.
Where scenarios were averaged, the SD was provided as a combined
measure of disagreement between scenarios. To aid interpretation of
vulnerability index results, the agreement among the four indicators
was quantified as the SD of the four vulnerability index values rather
than of the GCMs or scenarios. This metric of agreement forms a power-
ful context to interpret the vulnerability results because it differentiates
between projections that are opposing and those that are consistent in
the direction of change predicted for cattle production. For example,
an overall vulnerability score of 0 could be a result of all individual
factors having an index value of 0, or little change from present day
(= small index SD), or a 0 score could result from combining strongly
opposing factors, such −2 and 2 (= large index SD). Scores were con-
sidered as agreeing if SD b 1.15 and disagreeing if SD ≥ 1.15. The value
1.15 is the SD of the score set (-2, -2, 0, 0) which we considered to be
Figure 2. Average overall vulnerability index over time for US rangeland regions. Change is av
Negative numbers indicate greater vulnerability (potentially lower cattle production), and pos
a threshold between agreement and disagreement, because the set in-
cludes equal evidence for high vulnerability and neutrality.

Results And Discussion

Overall Vulnerability and Agreement Among Indicators

As expected, projected change for cattle production differed over
space and time depending on the indicator that was examined, but
given the importance of all four factors to production, we can glean
some robust patterns for the future. To interpret the combined factors,
both index scores (vulnerability based on direction and magnitude of
change) and SD of index scores (agreement among factors) were con-
sidered. Overall, increased vulnerability of cattle production was ob-
served for much of the United States, but the greatest vulnerability
occurred in the Southwest and Desert Southwest, particularly in the
Texas panhandle, Nevada, and Arizona (Figs. 2 and 3). This vulnerability
in southern and western arid regions is supported by the agreement
among indicators (Fig. 4). Northern regions of the Great Plains and
Eastern Prairies show some potential for positive effects on production,
mostly in the latter part of the century. Much of the central Great Plains
and northern Great Basin were categorized as neutral, but it is critical to
note that here neutrality is due to opposing trends from individual indi-
cators rather than lack of impact, particularly as warming progresses, as
shown by the shift from dark to light gray (see Fig. 4). In these regions
where disagreement is higher, the interplay and relative influence of
the individual factors will ultimately determine effects on production.

Focus on the warmest scenario (A2) may be warranted as recent
global CO2 trends suggest that this scenario, which shows high vulnera-
bility in the southern regions and opposing factors for much of the
north, is more probable than more moderate findings under either the
A1B or B2 scenarios (Fuss et al., 2015). Because differences from the
baseline needed to surpass 10% to indicate vulnerability, results are like-
ly conservative and designate broad-scale patterns for the cattle indus-
try. Our findings are similar to the simulations by Baker et al. (1993) in
which relatively positive effects on cattle production were projected in
northern regions (see Fig. 3)while production declined in southwestern
regions, putting economic survivability at risk.

Forage Quantity

Forage quantity generally increased above 39° north latitude but
tended to decrease below this latitudewithin the study area. Differences
in projected NPP among scenarios were mainly in timing of change, but
the geographic pattern and direction of changewere similar (Fig. S2, see
available online at 10.1016/j.rama.2017.02.005). The greatest increase
in NPP over time was projected for the Interior West and Northern
Great Plains. These increases ranged from 1.5% to 4% per decade with
moremoderate increases predicted for the Eastern Prairies and Southern
Great Plains (approximately 1–2% per decade) (Fig. 5). In contrast, NPP
eraged among emission scenarios and their standard error shown in the shaded region.
itive numbers indicate decreased vulnerability (potentially higher cattle production).

http://dx.doi.org/


Figure 3.Overall vulnerability index (sum) and standard deviation for 2060 and 2100 under averaged emissions scenarios for US rangelands. Here the index is a sum, but it is the average
sum derived from all scenarios. The standard deviation represents disagreement among scenarios. Negative numbers indicate greater vulnerability (potentially lower cattle production),
and positive numbers indicate decreased vulnerability (potentially higher cattle production).
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declined in the Desert Southwest and Southwest regions (see Fig. S2,
Fig. 5) by an average of about 0.5% per decade but also exhibited consid-
erable variability among the emission scenarios. These findings are sim-
ilar to those identified in Polley et al. (2013) where warmer and wetter
conditions on the northern plains were conjectured to enhance NPP
while warming and drying were anticipated to reduce NPP in southern
regions. Likewise, Morgan et al. (2011) reported an increase of above-
ground productivity by an average of 33% over 3 yr on Northern Great
Plains in response to similar increases in CO2 concentrations used in
this study. The lengthened growing season that accompanies increased
minimum temperatures rather than precipitation has been shown to
be the main driver of increased NPP in Northern Great Plains regions
(Reeves et al., 2014). Lengthening of the grazing season could benefit
livestock operations through reduced need for stored forage and could
lead to different grazing rotations.

Vegetation Type Trajectory

Available forage depends on not just quantity but also vegetation
type. Change toward decreased woodiness appeared in longitudinal
bands along the eastern edge of the Great Plains and, at a smaller spatial
extent, along mountain ranges throughout the study area (Fig. S3, see
available online at 10.1016/j.rama.2017.02.005). Arid regions tended
to be more stable through time (see Fig. S3). Projected changes in veg-
etation type are likely influenced by increased wildfire activity, which
was not suppressed in this version of the MC2 model output (Sheehan
et al., 2015) (see Fig. 5). The modeled lack of fire suppression is against
the current paradigm of fire management but reflects the reality of
larger future fires that tend to defy suppression efforts (Fernandes
et al., 2016). Although therewas considerable change over time, an over-
all condition of increased abundance of herbaceous-dominated vegeta-
tion was predicted throughout US rangelands, which is positive from
theperspective of rangeland forage for cattle, unless the increasedherba-
ceous content manifests as invasive or noxious species, which reduces
forage quality and rangeland health. Extent of invasive annual grasses
such as cheatgrass (Bromus tectorum) is expected to increase across US
rangelands in the future but will vary locally (Prevey and Seastedt,
2014; Blumenthal et al., 2016; Boyte et al., 2016; Bradley et al., 2016).

Heat Stress

Heat stress increased sharply during the projection period across all
US rangelands (see Fig. 5). The Intermountain West, for example, ex-
hibits the potential for twofold to threefold increases in heat stress.
This is similar to results for Queensland, Australia where Howden and
Turnpenny (1998) found a doubling of days under heat stress with cli-
mate change. The increase in days where cattle would be subjected to
heat stress progressed northward and westward through time
(Fig. S4, see available online at 10.1016/j.rama.2017.02.005). The Interi-
or West exhibited the greatest proportional increase (~300% by 2100)
in the number of heat stress days relative to baseline conditions (see
Fig. 5). The large-percentage increases in heat stress days in the Interior
West are partly due to the very few days per year in the baseline climate
crossing HSI thresholds. Warmer regions also exhibited longer periods
of heat stress in the future, but the increase is small relative to baseline
conditions (b 20% increase) (see Fig. 5, Fig. S4). Aspects of cattle
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Figure 4. Summary of the direction of predicted change based on overall vulnerability index and agreement among modeled elements for 2060 and 2100 under A1B, A2, and B1/B2
emissions scenarios for US rangelands. Highly resilient (green) indicates that the overall index score was relatively high and agreement among all of the four biophysical indicators is
also high. Likewise, highly vulnerable areas received a low index score and the agreement among all four indicators is high (red).
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operations that relate to heat sensitivity, such aswatering locations, cat-
tle breeds, and grazing season, may be reasonably well adapted to the
biophysical and climatic conditions presently experienced. Less predict-
able is howmuchmore capacity is available to reduce heat stresswhere
current impacts are relatively high or how well new strategies to ame-
liorate impacts can be incorporated into operations where heat stress
has been rare (e.g., the Interior West).

Forage Dependability

Scenarios differed in projections of forage dependability (Fig. S5, see
available online at 10.1016/j.rama.2017.02.005), as measured by
interannual variability in NPP, primarily due to changes in timing and
intensity of precipitation.Models A2 and A1Bwere similar in geograph-
ic pattern of change projecting an overall increase in forage variability
on US rangelands. The B2 scenario indicates less variability in forage
quantity through time (see Fig. S5) but may not be a reasonable depic-
tion of the future given the trajectory of recent emissions (Fuss et al.,
2015). We found a pronounced decrease in forage variability on the
Northern Great Plains (see Fig. 5), but greater storm intensitymay tem-
per this finding. Although the Biome BGC model accounts for effects of
intense rainfall events, the ability of GCM’s to depict when and where
these storms occur in the future is limited (Jiang et al., 2013). Not only
can intense storms increase forage variability, but extremeprecipitation
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Figure 5. Average classified change (index scores) over time from baseline (2001−2010) in US rangeland regions for forage quantity (NPP), vegetation type trajectory (VEG), heat stress
(HSI), and interannual variation of forage quantity “forage dependability” (VAR). Change is averaged among emission scenarios. Standard error is shown in shaded region. Positive
numbers indicate improving conditions (lower vulnerability) relative to baseline conditions.
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events can offset prolonged drought by increasing soil water storage
benefiting some semiarid grasslands (Heisler-White et al., 2009).

Changes in forage dependability have potentially large ramifications
for cattle production as interannual variation in forage amount creates
unpredictable conditions regardless of total NPP and requires increasing
flexibility in cattle operations (McKeon et al., 2009; Torell et al., 2010;
Brunson and Tanaka, 2011; Ash et al., 2012). The increased flexibility
in stocking rate is equally important for operations as it is for the ecosys-
tems, especially in the western United States, given the potential for
permanent soil degradation and transition to new ecological states
(Laycock, 1991; Milchunas and Lauenroth, 1993; Jones, 2000).

Other Factors

Other factors will affect cattle production through climate change
but could not be quantified because of a lack of available spatial data.
For example, land use change will influence the future of cattle produc-
tion in the United States. Likewise, decreases in forage quality, such as
reduced protein and digestibility, may offset benefits to livestock pro-
duction from increased forage quantity, particularly during summer
when temperatures are high (Hanson et al., 1993; Milchunas et al.,
2005). Overall, forage quality is expected to decrease (Polley et al.,
2011) but not necessarily in the northern United States (Craine et al.,
2010) if winters become wetter as anticipated. Forage quality, as well
as rangeland health, could further be reduced by expansion of invasive
species that have lower nutritional value, are noxious to livestock, or fa-
cilitate transition to new ecological states (DiTomaso, 2000; Polley et al.,
2013; Boyte et al., 2016; Bradley et al., 2016).
Water availability affects rangeland utilization and weight gain, espe-
cially during dry years with poor forage or high temperatures (Hodder
and Low, 1978). Disease vectors and hosts will vary in response to climate
change depending on effects on vegetation, standing water, and tempera-
ture, further complicating evaluation of potential vulnerability (Stem et al.,
1989). For example, warmer temperatures could facilitate increased win-
ter survival of ectoparasites (Karl et al., 2009), such as ticks and horn
flies, which are problematic across the study area. These ectoparasites typ-
ically affect Britishbreeds, suchasHereford (Byford et al., 1992),more than
Brahman cattle (Utech et al., 1978; George et al., 1985), suggesting breed
selection may be an important adaptation or coping strategy.

Analysis of multiple factors simultaneously, although insightful, can
induce problems associated with model stacking, or the overlay of re-
sults derived from multiple models. Model stacking can potentially
compound model errors, reducing confidence in results. We reduced
the potential for biasedmodel output by giving all models equal weight
and setting conservative thresholds to indicate vulnerability and resil-
ience. Even if there was low confidence in an indicator for a particular
region, it is not likely that all four factors would be biased in the same
direction simultaneously, lending confidence to our regional findings.
In the absence of a more comprehensive mechanistic, quantitative
model, our simplified approach makes the results easy to interpret
and transparent to the reader.

Implications

In addition to climate change, cattle production and operations are
currently at risk due to land use change, invasive species, altered fire
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regimes, and fluctuating global markets. Our projections for the arid
southern andwestern regions portray a relatively bleak outlook, and an-
imal agriculture may become unsuitable in some regions. Parts of these
regions, particularly Texas and California, also produce large numbers of
cattle. Thus, these regions could potentially undergo large changes rela-
tive to the present day, suggesting a variety of adaptation strategies will
be needed, including adjustments to stocking rates and grazing sched-
ules, or cattle production will need to shift to other regions. In contrast,
northern areas may offer slightly increased or maintenance of existing
production and could be the recipient of cattle that are moved from op-
erations originating in southerly regions. Flexibility in cattle numbers,
grazing periods, and operation type could also address changes in pro-
duction while anticipating increasing variability. Where indicators are
in disagreement about the course of future production, we need to im-
prove our understanding of how factorsmay interact and the sensitivity
of production to different ecological factors.

Although producers make decisions based more on near-term cli-
mate expectations (Ritten et al., 2010; Torell et al., 2010), the projection
period used here is relevant to policy makers and presents an opportu-
nity for producers to include longer-term projections in management
plans and implement monitoring to detect initiation of critical impacts.
In addition, this work presents an opportunity for producers to consider
longer-termprojectionswhen adapting to various biophysical conditions.

The biophysical indicators presented here are important to decision
making but are also influenced by economic and social perspectives
(Fox et al., 2009). Producers are going to respond to changes in the en-
vironment based on their own goals. Torell et al. (2001) and Gentner
and Tanaka (2002) found that producers do not place profit high in
terms of reasons to own a ranch; rather, lifestyle and family consider-
ations ranked highest.What this indicates froma sustainability perspec-
tive is that regardless of what happens with climate change impacts,
many producers will decide what to do based on lifestyle and family
choices rather than strictly on maximizing profit. Sustainability from
the ecological, economic, and social perspectives will ultimately set
stocking rates (Fox et al., 2009). Because of this, the biophysical indica-
tors only tell part, but an important part, of the story in terms of grazing
animal numbers and inform more comprehensive assessments that in-
clude cost analysis of impacts and adaptation measures, availability of
technology, and influence of global markets (Walthall et al., 2012).

Rangelands, in particular, are amenable to adaptation measures be-
cause of the close connection with goods and services, history of coop-
eration between rangeland scientists and managers, and diversity of
available solutions (Joyce et al., 2013). Although managers of
rangelands are already experienced with managing resources under
harsh and variable conditions, theymay not be prepared for the acceler-
ating and exacerbating impacts under future climate change (Ash et al.,
2012). Altering stocking schedules could help avoid exposure to the
greatest temperatures, and shade can be provided in many situations
(Gaughan et al., 2008). Resistance to heat stress can bemanaged by selec-
tion of livestock breeds and species (Bonsma et al., 1940; Finch et al.,
1984). Water availability should be considered in designing adaptation
actions related to heat (Howden and Turnpenny, 1998; Thornton et al.,
2009). Furthermore, decisions related to cattle production need to consid-
er other goods and services from rangelands that society will desire into
the future and the sustainability of overall ecosystem health. The analysis
presented here provides impetus for livestock operations to consider pro-
active adaptation strategies that can enable continued livestock produc-
tion along with healthy rangeland ecosystems into the future.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.rama.2017.02.005.

Acknowledgments

We thank the anonymous reviewers who provided thoughtful sug-
gestions for improving the manuscript. The Sustainable Rangelands
Roundtable provided valuable discussion and ideas for project design.
Finally, we thank Dominique Bachelet (Senior Climate Change Scientist,
Conservation Biology Institute) for providing theMC2 data used to esti-
mate the trajectory of vegetation types.
References

Allred, B.W., Scasta, J.D., Hovick, T.J., Fuhlendorf, S.D., Hamilton, R.G., 2014. Spatial heteroge-
neity stabilizes livestock productivity in a changing climate. Agriculture, Ecosystems
and Environment 193, 37–41.

Ash, A., Thornton, P., Stokes, C., Togtohyn, C., 2012. Is proactive adaptation to climate
change necessary in grazed rangelands? Rangeland Ecology & Management 65,
563–568.

Bachelet, D., Neilson, R.P., Lenihan, J.M., Drapek, R.J., 2001. Climate change effects on veg-
etation distribution and carbon budget in the United States. Ecosystems 4, 164–185.

Bagne, K.E., Friggens, M.M., Finch, D.M., 2011. A system for assessing vulnerability of
species SAVS to climate change. US Department of Agriculture, Forest Service,
Rocky Mountain Research Station, Fort Collins, CO, USA General Technical Report,
RMRS-GTR-257.

Baker, B.B., Hanson, J.D., Bourdon, R.M., Eckert, J.B., 1993. The potential effects of climate
change on ecosystem processes and cattle production on U.S. rangelands. Climate
Change 25, 97–117.

Blumenthal, D.M., Kray, J.A., Ortmans, W., Ziska, L.H., Pendall, E., 2016. Cheatgrass is fa-
vored by warming but not CO2 enrichment in a semi-arid grassland. Global Change
Biology 22, 3026–3038.

Bonsma, J.C., Scholtz, G.D.J., Badenhorst, F.J.G., 1940. The influence of climate on cattle.
Fertility and hardiness of certain breeds. Farming in South Africa 15, 7–16.

Boyte, S.P., Wylie, B.K., Major, D.J., 2016. Cheatgrass percent cover change: comparing re-
cent estimates to climate change driven predictions in the northern Great Basin.
Rangeland Ecology & Management 69, 265–279.

Bradley, B.A., Curtis, C.A., Chambers, J.C., 2016. Bromus response to climate and projected
changes with climate change. In: Germino, M.J. (Ed.), Exotic brome-grasses in arid
and semiarid ecosystems of the Western U.S.Springer International Publishing
Switzerland, Cham, Switzerland, pp. 257–274

Breshears, D.D., Cobb, N.S., Rich, P.M., Price, K.P., Allen, C.D., Balice, R.G., Romme, W.H.,
Kastens, J.H., Floyd, M.L., Belnap, J., 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., Hoch, G.A., Johnson, L.C., 2002. Assessing the rate, mechanisms, and
consequences of the conversion of tallgrass prairie to Juniperus virginiana forest.
Ecosystems 5, 578–586.

Brown-Brandl, T.M., Eigenberg, R.A., Nienaber, J.A., 2006. Heat stress risk factors of feedlot
heifers. Livestock Science 105, 57–68.

Brunson, M.W., Tanaka, J., 2011. Economic and social impacts of wildfires and invasive
plants in American deserts: lessons from the Great Basin. Rangeland Ecology &
Management 64, 463–470.

Byford, R.L., Craig, M.E., Crosby, B.L., 1992. A review of ectoparasites and their effect on
cattle production. Journal of Animal Science 70, 597–602.

Campbell, G., Norman, J., 1998. An introduction to environmental biophysics. second ed.
Springer, New York, NY, USA.

Cook, R., 2014. World beef production: ranking of countries. Beef2Live. http://beef2live.
com/story-world-beef-production-ranking-countries-0-106885 Accessed 1 September
2015.

Coppock, D.L., 2011. Ranching and multiyear droughts in Utah: production impacts, risk
perceptions, and changes in preparedness. Rangeland Ecology & Management 64,
607–618.

Coulson, D.P., Joyce, L.A., Price, D.T., McKenney, D.W., Siltanen, R.M., Papadopol, P.,
Lawrence, K., 2010a. Climate scenarios for the conterminous United States at the 5
arc minute grid spatial scale using SRES scenarios A1B and A2 and PRISM climatology.
US Department of Agriculture, Forest Service, Rocky Mountain Research Station, Fort
Collins, CO, USA Available at: https://www.fs.usda.gov/rds/archive/Catalog?
freesearch=coulson. Accessed 31 March 2017.

Coulson, D.P., Joyce, L.A., Price, D.T., McKenney, D.W., 2010b. Climate scenarios for the
conterminous United States at the 5 arc minute grid spatial scale using SRES scenario
B2 and PRISM climatology. US Department of Agriculture, Forest Service, Rocky
Mountain Research Station, Fort Collins, CO, USA Available at: https://www.fs.usda.
gov/rds/archive/Catalog?freesearch=coulson Accessed 31 March 2017.

Craine, J.M., Elmore, A.J., Olson, K., Tolleson, D., 2010. Climate change and cattle nutritional
stress. Global Change Biology 16, 2901–2911.

Crescio, M., Forastiere, F., Maurella, C., Ingravalle, F., Ru, G., 2010. Heat-relatedmortality in
dairy cattle: a case crossover study. Preventative Veterinary Medicine 97, 191–197.

DiTomaso, J.M., 2000. Invasive weeds in rangelands: species, impacts, and management.
Weed Science 48, 255–265.

Eakin, H., Conley, J., 2002. Climate variability and the vulnerability of ranching in
southeastern Arizona: a pilot study. Climate Research 21, 271–281.

Engle, D., Stritzke, J., Claypool, P., 1987. Herbage standing crop around eastern redcedar
trees. Journal of Range Management 40, 237–239.

Fay, P.A., Carlisle, J.D., Danner, B.T., Lett, M.S., McCarron, J.K., Stewart, C., Knapp, A.K., Blair,
J.M., Collins, S.L., 2002. Altered rainfall patterns, gas exchange, and growth in grasses
and forbs. International Journal of Plant Sciences 163, 549–557.

Fay, P.A., Carlisle, J.D., Knapp, A.K., Blair, J.M., Collins, S.L., 2003. Productivity responses to
altered rainfall patterns in a C4-dominated grassland. Oecologia 137, 245–251.

Fernandes, P.M., Pacheco, A.P., Almeida, R., Claro, J.O., 2016. The role of fire-suppression
force in limiting the spread of extremely large forest fires in Portugal. European
Journal of Forest Research 135, 253–262.

http://dx.doi.org/
http://dx.doi.org/
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0005
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0005
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0005
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0010
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0010
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0010
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0020
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0020
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0025
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0025
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0025
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0025
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0030
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0030
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0030
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0035
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0035
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0035
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0035
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0040
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0040
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0045
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0045
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0045
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0055
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0055
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0055
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0055
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0060
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0060
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0060
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0065
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0065
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0065
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0070
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0070
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0075
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0075
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0075
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0080
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0080
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0085
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0085
http://beef2live.com/story-world-beef-production-ranking-countries-0-106885
http://beef2live.com/story-world-beef-production-ranking-countries-0-106885
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0095
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0095
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0095
https://www.fs.usda.gov/rds/archive/Catalog?freesearch=coulson
https://www.fs.usda.gov/rds/archive/Catalog?freesearch=coulson
https://www.fs.usda.gov/rds/archive/Catalog?freesearch=coulson
https://www.fs.usda.gov/rds/archive/Catalog?freesearch=coulson
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0110
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0110
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0115
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0115
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0120
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0120
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0125
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0125
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0130
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0130
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0135
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0135
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0140
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0140
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0140
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0145
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0145
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0145


538 M.C. Reeves et al. / Rangeland Ecology & Management 70 (2017) 529–539
Finch, V.A., 1986. Body temperature in beef cattle: its control and relevance to production
in the tropics. Journal of Animal Science 62, 531–542.

Finch, V.A., Bennett, I., Holmes, C., 1984. Coat colour in cattle: effect on thermal balance,
behaviour and growth, and relationshipwith coat type. Journal of Agricultural Science
102, 141–147.

Fox, W.E., McCollum, D.W., Mitchell, J.E., Swanson, L.E., Kreuter, U.P., Tanaka, J.A., Evans,
G.R., Heintz, H.T., 2009. An integrated social, economic, and ecologic conceptual
(ISEEC) framework for considering rangeland sustainability. Society and Natural
Resources 22, 593–606.

Fuss, S., Canadell, J.G., Peters, G.P., Tavoni, M., Andrew, R.M., Ciais, P., Jackson, R.B., Jones,
C.D., Kraxner, F., Nakicenovic, N., Le Quere, C., Raupach, M.R., Sharifi, A., Smith, P.,
Yamagata, Y., 2015. Betting on negative emissions. Nature Climate Change 4,
850–853.

Gaughan, J., Mader, T.L., Holt, S., Lisle, A., 2008. A new heat load index for feedlot cattle.
Faculty Papers and Publications in Animal Science 613.

Gentner, B.J., Tanaka, J.A., 2002. Classifying public land grazing permittees. Journal of
Range Management 55, 2–11.

George, J.E., Osburn, R.L., Wikel, S.K., 1985. Acquisition and expression of resistance by Bos
indicus and Bos indicus x Bos taurus calves to Amblyomma americanum infestation.
Journal of Parasitology 71, 174–182.

Hahn, G.L., 1995. Environmental management for improved livestock performance,
health and well-being. Japanese Journal of Livestock Management 30, 113–127.

Hahn, G.L., 1999. Dynamic responses of cattle to thermal heat loads. Journal of Animal
Science 77, 10.

Hahn, G.L., Gaughan, J.B., Mader, T.L., Eigenberg, R.A., 2009. Thermal indices and their ap-
plication for livestock environments. In: DeShazer, J.A. (Ed.), Livestock energetics and
thermal environmental management. American Society of Agricultural and Biological
Engineers, St. Joseph, MI, USA, pp. 113–130.

Hanson, J.G., Baker, B.B., Bourdon, R.M., 1993. Comparison of the effects of different cli-
mate change scenarios on rangeland livestock production. Agricultural Systems 41,
487–502.

Heisler-White, J.L., Blair, J.M., Kelly, E.F., Harmoney, K., Knapp, A.K., 2009. Contingent
productivity responses to more extreme rainfall regimes across a grassland biome.
Global Change Biology 15, 2894–2904.

Hodder, R., Low, W., 1978. Grazing distribution of free-ranging cattle at three sites in the
Alice Springs District, Central Australia. Rangeland Journal 1, 95–105.

Holechek, J.L., 1988. An approach for setting the stocking rate. Rangelands 1, 10–14.
Howden, S., Crimp, S., Stokes, C., 2008. Climate change and Australian livestock systems:

impacts, research and policy issues. Australian Journal of Experimental Agriculture
48, 780–788.

Howden, S.M., Turnpenny, J., 1998. Modelling heat stress and water loss of beef cattle in
subtropical Queensland under current climates and climate change. Modsim’97 Inter-
national Congress on Modelling and Simulation, Proceedings, 8–11 December. Uni-
versity of Tasmania, Hobart, pp. 1103–1108.

Hurd, B., Leary, N., Jones, R., Smith, J., 1999. Relative regional vulnerability of water re-
sources to climate change. Journal of the American Water Resources Association 35,
1399–1410.

Iverson, L.R., Prasad, A.M., Matthews, S.N., Peters, M., 2008. Estimating potential habitat
for 134 eastern US tree species under six climate scenarios. Forest Ecology and Man-
agement 254, 390–406.

Izaurralde, R.C., Thomson, A.M., Morgan, J.A., Fay, P.A., Polley, H.W., Hatfield, J.L., 2011. Cli-
mate impacts on agriculture: implications for forage and rangeland production.
Agronomy Journal 103, 371–381.

Jiang, P., Gautam, M.R., Zhu, J., Yu, Z., 2013. How well do the GCMs/RCMs capture the
multi-scale temporal variability of precipitation in the Southwestern United States?
Journal of Hydrology 479, 75–85.

Jones, A., 2000. Effects of cattle grazing on North American arid ecosystems: a quantitative
review. North American Naturalist 60, 155–164.

Joyce, L.A., Briske, D.D., Polley, H.W., Brown, J.R., McCarl, B.A., Bailey, D.W., 2013. Climate
change and North American rangelands: assessment of mitigation and adaptation
strategies. Rangeland Ecology & Management 66, 512–528.

Karl, T.R., Melillo, J.M., Peterson, T.C. (Eds.), 2009. Global climate change impacts in the
United States: a state of knowledge report from the U.S. Global Change Research Pro-
gram. Cambridge University Press, New York, NY, USA.

Kachergis, E., Derner, J.D., Cutts, B.B., Roche, L.M., Eviner, V.T., Lubell, M.N., Tate, K.W.,
2014. Increasing flexibility in rangeland management during drought. Ecosphere 5,
1–14.

Larsen, K.S., Andresen, L.C., Beier, C., Jonaasen, S., Albert, K.R., Ambus, P., Arndal, M.F.,
Carter, M.S., Christensen, S., Holstrup, M., Ibrom, A., Kongstad, J., VenDerlinden, L.,
Maraldo, K., Michelsen, A., Mikkelsen, T., Pilegaard, K., Prieme, A., Ro-Poulsen, H.,
Schmidt, I.K., Selsted, M.B., Stevnbak, K., 2011. Reduced N cycling in response to ele-
vated CO2, warming, and drought in a Danish heathland: synthesizing results of the
CLIMAITE project after two years of treatments. Global Change Biology 17,
1884–1899.

Laycock, W.A., 1991. Stable states and thresholds of range condition on North American
rangelands: a viewpoint. Journal of Range Management 44, 427–433.

McKeon, G., Stone, G., Syktus, J., Carter, J., Flood, N., Ahrens, D., Bruget, D., Chilcott, C.,
Cobon, D., Cowley, R., 2009. Climate change impacts onnorthernAustralian rangeland
livestock carrying capacity: a review of issues. Rangeland Journal 31, 1–29.

McClaran, M.P., Butler, G.J., Wei, H., Ruyle, G.D., 2015. Increased preparation for drought
among livestock producers reliant on rain-fed forage. Natural Hazards 79, 151–170.

Melillo, J.M., Richmond, T., Yohe, G.W. (Eds.), 2014. Climate change impacts in the United
States: the third national climate assessment. US Global Change Research Program.

Milchunas, D.G.,Mosier, A.R.,Morgan, J.A., LeCain, D.R., King, J.Y., Nelson, J.A., 2005. Elevated
CO2 and defoliation effects on a shortgrass steppe: forage quality versus quantity for
ruminants. Agriculture Ecosystems and Environment 111, 166–184.
Milchunas, D.G., Lauenroth, W.K., 1993. Quantitative effects of grazing on vegetation and
soils over a global range of environments. Ecological Monographs 63, 327–366.

Morgan, J.A., LeCain, D.R., Pendall, E., Blumenthal, D.M., Kimball, B.A., Carrillo, Y., Williams,
D.G., Heisler-White, J., Dijkstra, F.A., West, M., 2011. C4 grasses prosper as carbon
dioxide eliminates desiccation in warmed semi-arid grassland. Nature 476, 202–206.

Mote, P.W., Salathé Jr., E.P., 2010. Future climate in the Pacific Northwest. Climate Change
102, 29–50.

Nakicenovic, N., Alcamo, J., Davis, G., Vries, B.D., Fenhann, J., Gaffin, S., Gregory, K., Grübler,
A., Jung, T.Y., Kram, T., Rovere, E.L.L., Michaelis, L., Mori, S., Morita, T., Pepper, W.,
Pitcher, H., Price, L., Riahi, K., Roehrl, A., Rogner, H.-H., Sankovski, A., Schlesinger,
M., Shukia, P., Smith, S., Swart, R., van Rooijen, S., Victor, N., Dadi, Z., 2000. Emissions
scenarios. intergovernmental panel on climate change. Cambridge University Press,
New York, NY, USA.

Neilson, R.P., 1995. A model for predicting continental-scale vegetation distribution and
water balance. Ecological Applications 5, 362–385.

O'Brien, K., Leichenko, R., Kelkar, U., Venema, H., Aandahl, G., Tompkins, H., Javed, A.,
Bhadwal, S., Barg, S., Nygaard, L., 2004. Mapping vulnerability to multiple stressors:
climate change and globalization in India. Global Environmental Change 14, 303–313.

Parmesan, C., Yohe, G., 2003. A globally coherent fingerprint of climate change impacts
across natural systems. Nature 421, 37–42.

Parton, W., Scurlock, J., Ojima, D., Gilmanov, T., Scholes, R., Schimel, D.S., Kirchner, T.,
Menaut, J.C., Seastedt, T., Garcia Moya, E., 1993. Observations and modeling of bio-
mass and soil organic matter dynamics for the grassland biome worldwide. Global
Biogeochemical Cycles 7, 785–809.

Parton, W.J., Morgan, J.A., Wang, G., Del Grosso, S., 2007. Projected ecosystem impact of
the prairie heating and CO2 enrichment experiment. New Phytologist 174, 823–834.

Peterman,W., Bachelet, D., Ferschweiler, K., Sheehan, T., 2014. Soil depth affects simulated
carbon and water in the MC2 dynamic global vegetation model. Ecological Modelling
294, 84–93.

Peters, D.P., Bestelmeyer, B.T., Herrick, J.E., Fredrickson, E.L., Monger, H.C., Havstad, K.M.,
2006. Disentangling complex landscapes: new insights into arid and semiarid system
dynamics. Bioscience 56, 491–501.

Petersen, C.A., Villalba, J.J., Provenza, F.D., 2014. Influence of experience on browsing sage-
brush by cattle and its impacts on plant community structure. Rangeland Ecology &
Management 67, 78–87.

Polley, H.W., Fay, P.A., Jin, V.L., Combs Jr., G.F., 2011. CO2 enrichment increases element
concentrations in grass mixtures by changing species abundances. Plant Ecology
212, 945–957.

Polley, H.W., Briske, D.D., Morgan, J.A., Wolter, K., Bailey, D.W., Brown, J.R., 2013. Climate
change and North American rangelands: trends, projections, and implications.
Rangeland Ecology & Management 66, 493–511.

Polley, H.W., Derner, J.D., Jackson, R.B., Gill, R.A., Procter, A.C., Fay, P.A., 2015. Plant com-
munity change mediates the response of foliar δ15N to CO2 enrichment in mesic
grasslands. Oecologia 178, 591–601.

Prevey, J.S., Seastedt, T.R., 2014. Seasonality of precipitation interacts with exotic species
to alter composition and phenology of a semi-arid grassland. Journal of Ecology
102, 1549–1561.

Reeves, M.C., Mitchell, J.E., 2011. Extent of coterminous U.S. rangelands: quantifying im-
plications of differing agency perspectives. Rangeland Ecology & Management 64,
1–12.

Reeves, M.C., Mitchell, J.E., 2012. A synoptic review of U.S. rangelands: a technical docu-
ment supporting the Forest Service 2010 RPA Assessment. Gen. Tech. Rep. RMRS-
GTR-288. US Department of Agriculture, Forest Service, Rocky Mountain Research
Station, Fort Collins, CO, USA 128 p.

Reeves, M.C., Moreno, A., Bagne, K., Running, S.W., 2014. Estimating the effects of climate
change on net primary production of U.S. rangelands. Climate Change 126, 429–442.

Ritten, J.P., Frasier, W.M., Bastian, C.T., Paisley, S., Smith, M.A., Mooney, S., 2010. A multi-
period analysis of two common livestock management strategies given fluctuating
precipitation and variable prices. Journal of Agricultural and Applied Economics 42,
177–191.

Roche, L.M., Cutts, B.B., Derner, J.D., Lubell, M.N., Tate, K.W., 2015. On-ranch grazing strat-
egies: context for the rotational grazing dilemma. Rangeland Ecology & Management
68, 248–256.

Running, S.W., Hunt, E.R., 1993. Generalization of a forest ecosystem process model for
other biomes, BIOME- BGC, and an application for global-scale models. In:
Ehleringer, J.R., Field, C.B. (Eds.), Scaling physiological processes: leaf to globe.
Academic Press, San Diego, CA, USA, pp. 141–158.

Sheehan, T., Bachelet, D., Ferschweiler, K., 2015. Projected major fire and vegetation
changes in the Pacific Northwest of the conterminous United States under selected
CMIP5 climate futures. Ecological Modeling 317, 16–29.

Stem, E., Mertz, G.A., Stryker, J.D., Huppi, M., 1989. Changing animal disease patterns in-
duced by the greenhouse effect. The potential effects of global climatic change on
the United States. Appendix C, Agriculture Vol. 2. US Environmental Protection Agen-
cy, Washington, DC, USA, pp. 11-1–11-37.

Thornton, P.K., Van de Steeg, J., Notenbaert, A., Herrero, M., 2009. The impacts of climate
change on livestock and livestock systems in developing countries: a review of what
we know and what we need to know. Agricultural Systems 101, 113–127.

Thornton, P.K., 2010. Livestock production: recent trends, future prospects. Philosophical
transactions of the Royal Society of London. Series A 365, 2853–2867.

Torell, L.A., Rimbey, N.R., Tanaka, J.A., Bailey, S.A., 2001. The lack of a profit motive for
ranching: implications for policy analysis. In: Torell, L.A., Bartlett, E.T., Larrañaga, R.
(Eds.), Current issues in rangeland resource economics, proceedings of a symposium
sponsored by Western Coordinating Committee 55 at the Annual Meeting of the So-
ciety for Range Management, Kona, Hawaii. Agricultural Experiment Station. Res.
Rep. 737. Western Regional Research Publication, New Mexico State University,
pp. 47–58.

http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0150
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0150
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0155
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0155
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0155
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0160
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0160
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0160
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0165
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0165
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0170
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0170
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0175
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0175
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0180
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0180
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0180
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0185
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0185
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0190
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0190
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0195
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0195
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0195
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0195
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0200
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0200
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0200
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0205
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0205
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0205
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0210
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0210
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0215
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0220
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0220
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0220
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0225
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0225
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0225
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0225
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0230
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0230
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0230
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0235
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0235
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0235
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0240
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0240
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0240
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0245
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0245
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0245
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0250
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0250
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0255
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0255
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0255
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0260
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0260
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0260
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0265
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0265
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0270
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0270
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0270
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0270
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0270
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0275
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0275
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0280
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0280
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0285
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0285
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0290
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0290
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0295
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0295
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0295
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0295
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0300
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0300
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0305
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0305
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0305
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0310
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0310
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0315
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0315
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0315
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0320
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0320
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0325
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0325
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf9000
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf9000
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0330
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0330
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0330
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0335
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0335
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0335
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0340
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0340
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0340
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0345
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0345
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0350
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0350
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0350
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0355
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0355
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0355
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0355
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0360
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0360
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0360
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0365
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0365
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0365
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0365
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0365
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0365
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0370
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0370
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0370
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0375
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0375
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0375
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0380
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0380
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0380
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0380
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0385
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0385
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0390
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0390
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0390
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0390
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0395
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0395
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0395
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0400
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0400
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0400
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0400
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0405
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0405
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0405
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0410
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0410
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0410
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0410
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0415
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0415
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0415
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0420
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0420
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0425
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0425
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0425
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0425
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0425
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0425
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0425


539M.C. Reeves et al. / Rangeland Ecology & Management 70 (2017) 529–539
Torell, L.A., Murugan, S., Ramirez, O.A., 2010. Economics of flexible versus conservative
stocking strategies tomanage climate variability risk. RangelandEcology&Management
63, 415–425.

Utech, K., Wharton, R., Kerr, J., 1978. Resistance to Boophilus microplus (Canestrini) in dif-
ferent breeds of cattle. Australian Journal of Agricultural Research 29, 885–895.

Walthall, C.L., Hatfield, J., Backlund, P., Lengnick, L., Marshall, E., Walsh, M., Adkins, S.,
Aillery, M., Ainsworth, E.A., Ammann, C., Anderson, C.J., Bartomeus, I., Baumgard,
L.H., Booker, F., Bradley, B., Blumenthal, D.M., Bunce, J., Burkey, K., Dabney, S.M.,
Delgado, J.A., Dukes, J., Funk, A., Garrett, K., Glenn, M., Grantz, D.A., Goodrich, D., Hu,
S., Izaurralde, R.C., Jones, R.A.C., Kim, S.-H., Leaky, A.D.B., Lewers, K., Mader, T.L.,
McClung, A., Morgan, J., Muth, D.J., Nearing, M., Oosterhuis, D.M., Ort, D., Parmesan,
C., Pettigrew, W.T., Polley, W., Rader, R., Rice, C., Rivington, M., Rosskopf, E., Salas,
W.A., Sollenberger, L.E., Srygley, R., Stockle, C., Takle, E.S., Timlin, D., White, J.W.,
Winfree, R., Wright-Morton, L., Ziska, L.H., 2012. Climate change and agriculture in
the United States: effects and adaptation. USDA Technical Bulletin 1935,
Washington, DC, USA.

West, J., 2003. Effects of heat-stress on production in dairy cattle. Journal of Dairy Science
86, 2131–2144.

http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0430
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0430
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0430
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0435
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0435
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0440
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0440
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0440
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0445
http://refhub.elsevier.com/S1550-7424(17)30023-4/rf0445

	Potential Climate Change Impacts on Four Biophysical Indicators of Cattle Production from Western US Rangelands
	Introduction
	Methods
	Forage Quantity
	Vegetation Type Trajectory
	Heat Stress
	Forage Dependability
	Vulnerability Index
	Scenario Variation and Agreement Among Vulnerability Indicators

	Results And Discussion
	Overall Vulnerability and Agreement Among Indicators
	Forage Quantity
	Vegetation Type Trajectory
	Heat Stress
	Forage Dependability
	Other Factors

	Implications
	Acknowledgments
	References


