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Climate changes related to temperature 
and precipitation patterns are occur-
ring and are expected to affect surface 
runoff and soil erosion in many environ-
ments. In the Fourth Assessment Report, 
the Intergovernmental Panel on Climate 
Change (IPCC) concluded that human influ-
ence has contributed to the trend toward 
more extreme precipitation events and that 
future increases in extreme precipitation are 
very likely (IPCC 2007). These findings are 
consistent with previous studies of extreme 
precipitation patterns across the globe. 
Increases in extreme events of precipitation 
in many areas worldwide have been observed 
in the measured data records, and General 
Circulation Model (GCM) outputs also show 
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that changes in extreme events for future 
climates, such as increases in extreme high 
temperatures and intense precipitation events, 
are to be expected (Easterling et al. 2000).

Impacts of climate change, including 
changes in precipitation, temperature, and 
carbon dioxide (CO2) concentration on 
runoff and soil erosion, have been evalu-
ated by many studies using existing erosion 
models, such as the Water Erosion Prediction 
Project model (Flanagan and Nearing 1995), 
from GCM projections (Zhang et al. 2004; 
Zhang and Liu 2005; O’Neal et al. 2005). 
However, these studies mainly focused on 
cultivated croplands. Few studies have been 
made about climate change effects on surface 
runoff and soil erosion in arid and semiarid 

rangelands(Nearing et al. 2005), especially 
at the regional scale. Studies also have been 
conducted to investigate the response of 
several different soil erosion models to pre-
cipitation and cover with a sensitivity analysis 
(Nearing et al. 2005). They found that rela-
tive results from the models were better 
than absolute predictions, and soil erosion 
was more affected by changes in rainfall and 
cover than was runoff.

Rangelands comprise approximately 40% 
of the lands of the United States, including 
nearly 80% of the land area of the western 
states (Weltz et al. 2008). Rangelands are an 
important renewable resource and provide 
valuable products such as fiber, water, clean air, 
wildlife habitat, and grazing land for livestock. 
In the southwestern United States, rangelands 
are the dominant land type and have expe-
rienced more than a century of transition 
from grasslands to shrublands due to climate 
change, overgrazing, and fire control (Platt 
1959; Cable and Martin 1973; McClaran 
2003). This transition is thought to have 
increased runoff and soil loss by water erosion 
on rangelands (Martin and Morton 1993). 
Soil erosion is a primary cause of degradation 
on most semiarid rangelands. Management 
practices, including prescribed grazing, pre-
scribed fire, and brush management, are 
usually implemented on rangelands to reduce 
losses of soil, nutrients, and other biological 
and chemical materials (Weltz et al. 2008).

In the southwestern United States, human-
induced climate change appears to already 
be underway. Annual precipitation over the 
southwestern United States has decreased, 
and warmer temperature trends have been 
observed (IPCC 2007; Karl et al. 2009). 
Recent studies also suggest that drought fre-
quency and severity have increased in this 
region (Groisman et al. 2004; Ellis et al. 2010). 
With projections for future climate to con-
tinue to warm in the southwestern United 
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States, the trend in this region will be toward 
a more arid climate and a significant drying 
during the 21st century (Seager et al. 2007, 
2010). Also expected is an increased risk of 
flooding due to more variable precipitation 
with more extreme events (Goodrich and 
Ellis 2008; Karl et al. 2009). The frequency 
of extreme precipitation events for the upper 
5th percentile of daily rainfall amounts has 
been increasing in the southwestern United 
States since the 1930s (Easterling et al. 2000). 
Intense precipitation is projected to continue 
to increase in this region, especially during 
future El Niño events (IPCC 2007).

The potential impacts on runoff and soil 
erosion and the actual damages in south-
western United States rangelands need to be 
assessed under these projected climate changes. 
Further conservation implications relate to 
whether changes in management practices 
are warranted under climate change and what 
practices would need to be adapted to help 
mitigate the increased risk of surface runoff 
and soil erosion. Observations and measure-
ments at the Santa Rita Experiment Range 
in the southern Arizona indicated that water 
erosion dominates over wind erosion (Zhang 
et al. 2011). Therefore, the focus herein is 
potential changes in soil erosion by water.

The objective of this study was to assess 
potential changes in runoff and erosion with 
respect to changes in precipitation patterns in 
southeastern Arizona rangelands for current 
vegetation conditions for the periods of 2030 
through 2059 and 2070 through 2099 from 
multiple GCM and emission scenarios. The 
implications of these changes on mitigation 
through rangeland conservation practices 
were also addressed.

Materials and Methods
Study Area and Observed Data. The study 
area, Major Land Resources Area (MLRA) 
41, is located in southeastern Arizona (89%) 
and southwestern New Mexico (11%) with a 
total area of 40,765 km2 (15,739 mi2) (figure 
1) (USDA NRCS 2006). MLRA 41 is a very 

diverse ecological area located in the transition 
zone between the Sonoran and Chihuahuan 
Deserts, characterized by a distinctive pattern 
of topography, soil, climate, water resources, 
and land use. The geomorphology consists 
of a series of isolated mountain chains and 
intermountain basins with alluvial valleys. 
Elevation ranges from approximately 800 to 
1,400 m (2,625 to 4,593 ft) in the valleys and 
from 1,400 to 1,800 m (4,593 to 5,906 ft) in 
the mountains. The average annual precipita-
tion increases with elevation and ranges from 
230 to over 600 mm (9 to over 24 in), of 
which more than half occurs as high intensity 
thunderstorms during the summer mon-
soon between early July and mid-September. 
December to March is the secondary rainy 
season. Soils in MLRA 41 are dominated 
by Aridisols, Entisols, Alfisols, and Mollisols 

(USDA NRCS 2006). About one-third of 
the study area is federally owned, and most 
of the area is used for livestock grazing.

Measurements were made of vegeta-
tion, ground cover, and topography at 151 
randomly distributed sites in MLRA 41 
between 2003 and 2006 (table 1). Soil 
properties, including texture information, 
porosity, and bulk density, were extracted 
from the Natural Resources Conservation 
Service Soil Survey Geographic soil database 
(USDA NRCS 2012) for each of the 151 
sample points (table 1). These data were used 
to build input files for the runoff and ero-
sion modeling. The dominant plant growth 
habitats at the 151 points in MLRA 41were 
distributed as 30 bunch grass, 12 sod grass, 25 
annual grass and forbs, and 84 shrub.

Figure 1
The study area: Major Land Resource Area 41.
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Table 1
Mean canopy cover, litter cover, rock cover, and soil information for sample points across four plant communities in the MLRA 41.

Plant Number Canopy Ground Litter Rock Sand Clay ke
community of points cover (%) cover (%) cover (%) cover (%) content (%) content (%) (mm h–1) kss

BUG 30 50.7 (28.4) 53.7 (27.9) 25.2 (15.3) 21.2 (27.2) 39.4 (10.9) 17.2 (8.5) 3.6 (3.2) 827.3 (208.9)
SOG 12 43.5 (22.6) 56.2 (19.5) 33.9 (20.8) 18.3 (21.0) 35.2 (16.6) 24.2 (3.8) 2.1 (2.0) 781.9 (212.0)
AGF 25 48.0 (24.9) 59.4 (29.0) 27.7 (18.0) 29.8 (28.6) 44.8 (15.7) 17.4 (8.1) 3.7 (3.1) 816.6 (214.9)
SHR 84 37.3 (19.3) 68.9 (23.1) 25.6 (16.6) 40.7 (27.8) 40.1 (16.9) 17.2 (8.4) 4.7 (2.9) 1,216.5 (1,236.7)
Notes: ke = hydraulic conductivity. kss (dimensionless) = splash and sheet coefficient. Numbers in parentheses are the standard deviation of all  
sample points for each plant community.
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Daily precipitation datasets were 
extracted from the National Climatic Data 
Center from 1970 to 1999 for 25 stations 
within the area of MLRA 41 as a base-
line condition for assessing the change in 
future climate predictions (figure 1). These 
stations have at least 30 years of records 
and have been subjected to the standard 
National Climatic Data Center data checks. 
The locations of those 25 stations were 
associated with GCM grid cells to extract 
projected precipitation for the study area.

Climate Change Emission Scenarios. To 
estimate the potential future climate, we 
used data from the recent IPCC Fourth 
Assessment Report coupled ocean-atmo-
sphere GCM simulations (IPCC 2007). 
Recent studies showed that the multimodel 
ensemble simulated reasonably well both 
annual precipitation and annual cycles (IPCC 
2007). Therefore, seven GCMs were used to 
obtain the monthly precipitation (table 2). 
To represent the different greenhouse gas 
(GHG) emission scenarios, three nonmiti-
gated IPCC Special Report on Emission 
Scenarios, A2, A1B, and B1, were selected. 
The three emission scenarios represent high, 
medium, and low GHG scenarios (IPCC 
2007), respectively. The emission scenarios 
were implemented for all seven models 
during two time slices of thirty years each, 
from 2030 through 2059 and from 2070 
through 2099. To calibrate the GCM results, 
we also collected GCM output data from 
the “Climate of the 20th Century” experi-
ment (20C3M) in the same database, which 
simulates climate conditions during 1850 to 
2000 that were driven by the preindustrial 
GHG emissions (IPCC 2007). The 20C3M 
run during 1970 to 1999 was used as the 
baseline period for calibration with historical 
observed data for future changes.

Spatial and Temporal Downscaling. There 
exists spatial and temporal scale mismatch 
between GCM projections and point-
scale impact assessment of climate change 

Table 2
Summary of General Circulation Models (GCMs) used in this study

CGCM Research Center Resolution (°)

CGCM3.1(T63) Canadian Centre for Climate Modeling and Analysis, Canada ~2.8 × 2.8
CSIRO_MK3.5 Commonwealth Scientific and Industrial Research Organization Atmospheric Research, Australia 1.875 × 1.875
GFDL_CM2.1 Geophysical Fluid Dynamics Laboratory(GFDL), United States 2.0 × 2.5
ECHAM5/MPI-OM Max Planck Institute for Meteorology, Germany 1.875 × 1.875
NCAR_CCSM3.0 National Center for Atmospheric Research, United States 1.4 × 1.4
NCAR_PCM1 National Center for Atmospheric Research, United States ~2.8 × 2.8
UKMO-HadCM3 Hadley Centre for Climate Prediction and Research/Met Office, United Kingdom 2.5 × 3.75

(Murphy 1999). The spatial resolution of the 
GCM is often coarser than that needed for 
assessing local impacts of climate change on 
natural resources. Therefore, a spatiotempo-
ral downscaling process (Zhang 2005, 2007) 
was used to downscale monthly precipitation 
of GCM projections at scale of GCM grid 
boxes to the specific weather stations. Here 
we summarize the downscaling processes. 
The details can be found in Zhang (2005, 
2007) and Zhang et al. (2010). Two steps 
were included in the downscaling processes: 
spatial and temporal downscaling.

The spatial downscaling process was per-
formed between a station and a GCM-grid 
box containing the station. For each calendar 
month, regression functions were derived 
between observed monthly precipitation data 
during 1970 to 1999 and the correspond-
ing data from 20C3M. Hence, the monthly 
precipitation amounts of 1970 to 1999 from 
the 20C3M experiment were used as the 
control, and the historical monthly data of 
the same period were used as the baseline 
climate condition. Then, the regression func-
tions were applied to the GCM-projected 
future precipitation of each month. For 
each calendar month, 30-year–downscaled 
monthly precipitation values were obtained 
at each station for the two future time slices. 
Then, the monthly means and variances of 
the future climate at each station were calcu-
lated (Wilks 1999; Zhang 2005, 2007).

After developing future monthly climate 
estimates for each station, the CLImate 
GENerator (CLIGEN) (Nicks and Gander 
1994) was used to generate long-term daily 
weather series representing the altered cli-
mates. Temporal downscaling was done in 
order to estimate the four CLIGEN pre-
cipitation input parameters that required 
adjustment for running CLIGEN to gen-
erate future daily weather series: Rd, daily 
mean precipitation; σ 2

d , the variance of daily 
precipitation for wet days (i.e., days with 
nonzero precipitation); Pw/d, conditional tran-

sition probabilities of a wet day following a 
dry day; and Pw/w, conditional transition prob-
abilities of a wet day following a wet day. The 
baseline CLIGEN input parameters were 
determined by measured daily weather data 
of 1970 to 1999 at each station.

To determine Pw/w and Pw/d, we separated 
the 30 years of observed data into two groups 
with the 15 wettest and driest months in each 
group, based on the rank of daily precipita-
tion values, and calculated the Pw/w and Pw/d 
for each group (Zhang 2007). A linear rela-
tionship between Pw/w and mean monthly 
precipitation (Rm), as well as the relationship 
between Pw/d and Rm, were developed based 
on two pairs of data points. Future condi-
tional transition probabilities of precipitation 
were estimated from this linear relationship. 
With the two transition probabilities, mean 
daily precipitation (Rd) and daily precipitation 
variance (σ2

d ,) for wet days were calculated. 
See details for the calculation process in 
Zhang (2005, 2007) and Zhang et al. (2010).

Finally, all parameters at each station were 
adjusted separately for each climate change 
scenario. These adjusted parameters were 
then input to CLIGEN (V5.22564), and 
100 years of daily series data were generated 
for each station under each climate change 
scenario and each GCM in order to obtain 
a stable running average of annual soil loss 
(Baffaut et al. 1996). Then, the outputs from 
CLIGEN were formatted to climate input 
files for the soil erosion model.

Soil Erosion Modeling. The Rangeland 
Hydrology and Erosion Model (RHEM) 
(Nearing et al. 2011) was used to calculate 
runoff and soil loss at the hillslope scale for 
each of the 151 sample points. The RHEM 
model computes soil loss along a hillslope 
and sediment yield at the end of a hill-
slope. RHEM was developed by the USDA 
Agricultural Research Service and based on 
data collected from rangeland erosion experi-
ments (Nearing et al. 2011; Weltz et al. 2008). 
RHEM is an event-based erosion predic-
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tion tool specific for rangeland application, 
and was developed through new equations 
derived from rangeland data (Nearing et al. 
2011). RHEM used a newly developed splash 
erosion and thin sheet-flow transport equa-
tion to capture dominant erosion processes 
on undisturbed rangelands. The dominant 
erosion processes are affected by the type of 
plant growth forms present at a site (Wei et 
al. 2009). A new system of estimating hydro-
logic and erosion parameters with rangeland 
plant communities was developed based on 
204 plots in 49 rangeland sites distributed 
across 15 western US states (Wei et al. 2009). 
The parameters that can be estimated in this 
system include the Green-Ampt hydraulic 
conductivity (ke), the splash and sheet ero-
sion coefficient (kss), the friction factors for 
runoff (rf ), and the friction factors for ero-

sion (re). These are the required input values 
that are hard to measure directly, and all the 
equations were developed based on RHEM 
rangeland database. RHEM is parameterized 
based on plant growth habitat classification 
using the data that are typically collected for 
rangeland management purposes. The plant 
growth habitat groups include annual grass 
and forbs, bunch grass, shrubs, and sod grass.

The model calibration was made with 
independent experimental data by Wei et al. 
(2009) and Nearing et al. (2011) from rainfall 
simulation experiments in southern Arizona. 
The coefficients of determination (r 2) for 
runoff and erosion predictions were 0.87 and 
0.50 compared to observed values, which 
indicated that RHEM is able to reasonably 
predict runoff and soil loss for rangeland 
conditions (Nearing et al. 2011).

The RHEM model requires 13 input 
parameters that are grouped in the four cat-
egories of slope profile, soils, vegetation type 
and cover, and climate (Wei et al. 2009). The 
data used in this project for each of the 151 
points were percentage canopy cover, per-
centage ground cover (consisting of litter in 
touch with the ground surface, rock frag-
ment, and basal vegetation area), and slope 
gradient. Sand and clay percentage within 
the top 5 cm (2 in) soil layer depth were 
calculated from the SSURGO soil database. 
Slope and soil input parameters were calcu-
lated from the database at each sample point. 
The most dominant plant growth habitat 
was determined for each sampling site, and 
the appropriate equation as described by 
Nearing et al. (2011) was selected to esti-
mate hydraulic conductivity (ke) and the 

Table 3
Predicted mean annual precipitation, runoff, and soil loss averaged across the study area and the spatial mean percentage changes, as simulated 
by the seven models under the three emission scenarios relative to baseline of 1970 to 1999.

  Precipitation Runoff Soil loss Precipitation Runoff Soil loss
Scenario  (mm [%]) (mm [%]) rate (t ha–1 [%]) (mm [%]) (mm [%]) rate (t ha–1 [%])

Baseline  404 20.67 0.20 404 20.67 0.20
  2030 to 2059   2070 to 2099
A2
 CGCM3.1 440 (+8.9) 54.93 (+165.7) 0.63 (+222.1) 338 (–16.2) 41.50 (+100.7) 0.56 (+186.9)
 MK3.5 481 (+19.1) 45.02 (+117.8) 0.44 (+121.9) 434 (+7.5) 48.01 (+132.2) 0.61 (+210.4)
 CM2.1 419 (+3.7) 39.46 (+90.9) 0.47 (+138.7) 354 (–12.2) 28.92 (+39.9) 0.40 (+105.6)
 ECHAM5 386 (–4.4) 27.76 (+34.3) 0.31 (+57.8) 373 (–7.6) 34.61 (+67.4) 0.43 (+120.9)
 CCSM3.0 440 (+9.0) 43.83 (+112.0) 0.47 (+138.4) 432 (+7.0) 48.04 (+132.4) 0.59 (+199.2)
 PCM1 388 (–3.8) 29.99 (+45.1) 0.36 (+81.8) 421 (+4.2) 45.52 (+120.2) 0.60 (+207.2)
 HadCM3 410 (+1.5) 33.94 (+64.2) 0.48 (+144.3) 443 (+9.8) 30.85 (+49.2) 0.33 (+69.2)
 Mean 423 (+4.9) 39.28 (+90.0) 0.45 (+129.3) 399 (–1.1) 39.63 (+91.7) 0.51 (+157.1)
A1B
 CGCM3.1 421 (+4.4) 62.44 (+202.0) 0.88 (+349.2) 407 (+0.7) 39.31 (+90.2) 0.46 (+132.9)
 MK3.5 454 (+12.4) 44.41 (+114.8) 0.54 (+175.5) 459 (+13.7) 55.29 (+167.5) 0.69 (+249.6)
 CM2.1 383 (–5.1) 24.62 (+19.1) 0.26 (+33.5) 367 (–9.2) 26.80 (+29.6) 0.34 (+73.0)
 ECHAM5 373 (–7.7) 31.96 (+54.6) 0.37 (+86.4) 331 (–17.9) 33.53 (+62.2) 0.47 (+139.9)
 CCSM3.0 418 (+3.6) 32.10 (+55.3) 0.33 (+67.8) 399 (–1.2) 40.43 (+95.6) 0.46 (+134.1)
 PCM1 451 (+11.6) 40.36 (+95.2) 0.51 (+159.7) 379 (–6.2) 41.85 (+102.5) 0.59 (+198.2)
 HadCM3 418 (+3.5) 34.67 (+67.7) 0.46 (+131.9) 457 (+13.1) 28.25 (+36.6) 0.31 (+56.0)
 Mean 417 (+3.2) 38.65 (+87.0) 0.48 (+143.4) 400 (–1.0) 37.92 (+83.4) 0.47 (+140.5)
B1
 CGCM3.1 399 (–1.3) 28.10 (+35.9) 0.30 (+53.6) 422 (+4.6) 48.49 (+134.6) 0.59 (+201.0)
 MK3.5 479 (+18.6) 46.62 (+125.5) 0.47 (+139.8) 455 (+12.6) 44.08 (+113.2) 0.56 (+183.5)
 CM2.1 365 (–9.5) 29.41 (+42.3) 0.33 (+67.0) 429 (+6.2) 29.95 (+44.9) 0.34 (+71.5)
 ECHAM5 372 (–7.8) 40.66 (+96.7) 0.60 (+206.2) 401 (–0.7) 35.30 (+70.7) 0.43 (+119.0)
 CCSM3.0 431 (+6.7) 48.31 (+133.7) 0.52 (+164.2) 436 (+8.0) 40.62 (+96.5) 0.44 (+123.7)
 PCM1 385 (–4.7) 44.05 (+113.1) 0.63 (+222.6) 422 (+4.5) 36.19 (+75.0) 0.49 (+147.3)
 HadCM3 449 (+11.2) 31.68 (+53.2) 0.36 (+81.7) 383 (–5.1) 23.97 (+15.9) 0.28 (+44.7)
 Mean 411 (+1.9) 38.40 (+34.3) 0.46 (+133.6) 421 (+4.3) 36.94 (+78.7) 0.45 (+127.3)
Note: Numbers in parentheses indicate percentage change from baseline values.
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Figure 2
Mean annual precipitation averaged over the area during 1970 to 1999 and that during 2030 
to 2059 and 2070 to 2099 under three emission scenarios (A2, A1B, and B1). Each value is the 
mean of seven models (± standard error) for the two future periods.
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splash and sheet erosion coefficient (kss). The 
hydraulic conductivity and the splash and 
sheet soil erodibility coefficient, which are 
key parameters in RHEM to estimate runoff 
and soil erosion, were estimated using veg-
etation cover properties and soil sand and 
clay content gathered from the SSURGO 
soil databases (Nearing et al. 2011).

The 25 CLIGEN stations across the 
MLRA 41 were linked to the sampling 
points by means of Thiessen polygons. That 
is, sampling points within each polygon were 
provided with a time series of 100 years of 
stochastically generated rainfall data using 
the CLIGEN (Nicks and Gander 1994). 
Current and future climate input files were 
built based on the method stated above. 
Simulations were made for current condi-
tions with sampled vegetation information 
and observed climate during 1970 to 1999 
and for future conditions with projected cli-
mate during 2030 to 2059 and 2070 to 2999, 
assuming similar vegetation for each period.

Heavy Precipitation Events. In order 
to assess the effects of heavy precipitation 
events on runoff and soil loss, the frequency 
and intensity of heavy to extreme precipi-
tation events during the current and two 

future time slices were analyzed. Here, we 
used event frequency thresholds of daily total 
rainfall depth to define heavy precipitation 
events and intensity levels (Karl and Knight 
1998). For a given location, we defined daily 
heavy precipitation thresholds at the 95th 
and 99th percentiles of the distribution dur-
ing the historical period of 1970 through 
1999. Then, the average frequency and the 
proportion of total annual precipitation 
coming from heavy precipitation events were 
compared between the two future time slices 
and the historical period. In other words, the 
95th and 99th percentiles of daily heavy pre-
cipitation amounts were compared for the 
three periods of 1970 to 1999, 2030 to 2059, 
and 2070 to 2099 to study the changes in 
heavy precipitation intensity.

A t-test and Duncan’s multiple range tests 
were used to determine significant differ-
ences in mean precipitation, runoff and soil 
loss changes among the models, emission 
scenarios, and periods using the SAS pro-
gram (SAS Institute Inc. 2003).

Results and Discussion
Projected Precipitation Changes. Table 3 
presents individual model-projected mean 

annual precipitation and its changes averaged 
over the study area during the two projected 
future periods under the three emission 
scenarios. No consistent changes in mean 
annual precipitation were projected among 
the seven models across the three emission 
scenarios during the two future periods. This 
indicated that uncertainty about the pro-
jected changes in annual precipitation is large 
and the changes do not scale consistently 
across the different climate change models 
and emission scenarios.

Overall, there were no statistically signifi-
cant changes (t-test, α = 0.05) under all three 
emission scenarios for both future time slices 
compared to the observed mean precipita-
tion of 404 mm (15.9 in) during the period 
of 1970 to 1999 (figure 2). Meanwhile, when 
comparing changes in the distribution of 
the average annual precipitation amounts for 
all the sample points between historical and 
future periods (figure 3), no readily observ-
able shifts were found between the historical 
distribution and future distributions under 
the three emission scenarios. Similar results 
were found for the period of 2070 to 2099 
(not shown). There were 109 of 151 sample 
points in which annual precipitation was less 
than 400 mm (15.7 in) during the period of 
1970 to 1999, and that number was 106, 108, 
and 108 for the A2, A1B, and B1 emission 
scenarios, respectively, during 2030 to 2099, 
and 109, 109, and 106 during 2070 to 2099 
(table 4). This also indicated no significant 
changes (Duncan test, α = 0.05) across the 
area as a whole in the future cases.

In order to analyze seasonal changes in 
precipitation, two seasons were defined for 
a year: summer and winter. Winter months 
were from November through May, and 
summer months were from June through 
October. Figure 4 shows results for projected 
seasonal changes in precipitation, averaged 
across the seven GCM outputs and the study 
area. In the summer, projected precipitation 
showed increases of 5% to 8% during both 
future periods under all three emission sce-
narios. These increases in precipitation were 
not significantly different among the three 
emission scenarios using a Duncan means 
test (α = 0.05) (figure 4a). In the winter, by 
the middle of the current century, precipi-
tation showed almost no change under the 
three scenarios (figure 4b). By the end of the 
current century, projected winter precipita-
tion dropped 8% and 10% under A2 and A1B 
scenarios, while precipitation had no change 
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Figure 3
Histograms of average annual precipitation for (a) the historical observed data during 1970 to 1999 across the 151 sample points and for (b) A2,  
(c) A1B, and (d) B1, the three emission scenarios for the time periods of 2030 to 2059. 
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under the B1 emission scenario (figure 4b). 
The declining trends of winter precipitation 
are consistent with other studies by Seager et 
al. (2007, 2010), who reported decreases in 
winter precipitation under A1B scenario in 
the southwestern North America.

With no net significant changes in mean 
annual precipitation amounts, however, 
precipitation regimes would become more 
extreme. As seen in figure 5, the frequency 
of extreme events both at the 95th and 99th 
percentile would increase significantly for 
all emission scenarios during the two future 
periods compared to that for the period 
from 1970 to 1999 (t-test, α = 0.05). Similar 
trends were found for the fraction of total 
annual precipitation coming from extreme 

events (figures 5c and 5d). In addition, pro-
jected precipitation intensity averaged over 
the area at the upper percentile were also sig-
nificantly greater (α = 0.05) than those for 
the period 1970 to 1999 in all cases (table 5). 
On the other hand, significant reductions (α 
= 0.05) in the number of wet days per year 
compared to the historically observed period 
of 1970 to 1999 were projected for both 
the 2050s and 2090s under all three emis-
sion scenarios (table 5). The trends of more 
extreme events are consistent with previous 
studies for precipitation changes in the last 
century (Easterling et al. 2000).

Projected Runoff and Soil Loss Changes. 
Understanding and predicting the potential 
changes of runoff and soil erosion in range-

lands under an altered precipitation pattern is 
of importance to assess the impacts of climate 
change on mitigation with management 
practices in the future. Unlike the inconsis-
tency in precipitation changes among the 
models and emission scenarios, changes in 
mean annual runoff and soil loss averaged 
across the study area were all projected to 
increase in all the models by the 2050s and 
2090s, irrespective of the emission scenario 
selected (table 3).

Though spatial-averaged annual precipita-
tion did not show great changes, projected 
annual runoff averaged over the area was sig-
nificantly greater (t-test, α = 0.05) than that 
for the period of 1970 to1999 in all cases 
(table 3 and figure 6a). Overall, the results 
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Table 4
Number of sample points in three categories of precipitation, runoff, and soil loss for the  
historical period and the two future periods under three emission scenarios.

  2030 to 2059  2070 to 2099

Variable 1970 to 1999 A2 A1B B1 A2 A1B B1

Annual precipitation (mm)
<400 109a 106a 108a 108a 109a 109a 106a
400 to 600 33a 34a 32a 32a 33a 33a 34a
>600 9a 11a 11a 11a 9a 9a 11a

Annual runoff (mm)
<40 114a 88b 89b 92b 85b 91b 96b
40 to 80 35a 36a 39a 34a 39a 37a 33a
>80 2a 27b 23b 25b 27b 23b 22b

Annual soil loss (t ha–1)
<0.5 137a 122b 121b 121b 119b 124b 126b
0.5 to 2.0 13a 26b 27b 27b 29b 24b 22b
>2.0 1a 3b 3b 3b 3b 3b 3b
Note: Numbers with the same letter within a row are not significantly different from each other at 
α = 0.05 (Duncan test).

Figure 4 
Changes in mean (a) summer and (b) winter precipitation during 2030 to 2059 and 2070 to 2099 relative to 1970 to 1999 under three emission  
scenarios (A2, A1B, and B1). Each value is the mean of seven models averaged over the region (± standard error).
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here show an increase of between 86% and 
90% in annual runoff under the three emis-
sion scenarios by the 2050s, with a standard 
deviation (sd) of 41% to 59%, and an increase 
of between 79% and 92% by the 2090s, with 
a sd of 39% to 47% (figure 6a). Mean changes 
in annual runoff were not significantly differ-
ent among the emission scenarios and periods 
(Duncan test, α = 0.05). The increases in the 

results suggest that annual runoff in MLRA 
41 could increase dramatically even in the 
case of no changes or reductions in annual 
precipitation. The findings of this study were 
consistent with previous studies by Pruski 
and Nearing (2002). In their studies, where 
annual changes in precipitation decreased 
or were small, runoff and soil erosion both 

increased on two cropland sites in Temple, 
Texas, and Pierre, South Dakota.

As for annual soil loss, the trends in sce-
nario-averaged, projected changes followed 
the same basic pattern as did the trends in 
annual runoff (figure 6). Projected soil loss 
values were also significantly greater (α = 
0.05) than those for the period 1970 to1999 
in all cases, and these increases were greater 
than that for runoff (figure 6). Mean annual 
soil loss increased by 129% to 143% (sd of 
52% to 104%) under the three emission sce-
narios by the 2050s, and increased by 127% 
to 157% (sd of 56% to 67%) by the 2090s 
(figure 6b). It is also noteworthy that annual 
soil loss rates are 0.2 t ha–1 (0.09 tn ac–1) aver-
aged over the study area during 1970 to 1999 
and 0.45 to 0.51 t ha–1 (0.2 to 0.23 tn ac–1) for 
all the scenario combinations in the future 
periods (figure 6b), which fall within the val-
ues reported in previous studies (Nearing et 
al. 2007; Ritchie et al. 2009; Polyakov et al. 
2010b). The high sensitivity of runoff and soil 
loss to climate changes can be explained by 
the fact that they are dependent on changes 
in storm patterns. Greater increases of soil 
loss indicated that soil erosion is more sensi-
tive to changes in storm patterns than runoff. 
These results also imply that the impacts of 
changes in climate influence runoff and soil 
loss in a nonlinear way.

The dramatic increases in runoff and soil 
loss were attributed to the increase in the 
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Figure 5
Mean annual frequency of and fraction of total annual precipitation coming from extreme events defined as the (a and c) 95th and (b and d) 99th 
percentile of daily rainfall amount for the time periods of 1970 to 1999 and the two projected periods of 2030 to 2059 and 2070 to 2099 under three 
emission scenarios (A2, A1B, and B1). Each value is the mean of seven models (± standard error) for the two future periods.
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frequency and intensity of extreme rainfall 
events since there was no significant change 
in annual precipitation and extreme events 
play a key role in causing sediment yields. 
As a result of more extreme events, runoff 
and soil loss would obviously increase during 
the two future periods. Table 6 shows that 
more than 70% of total runoff and soil loss 
was caused by extreme rainfall events greater 
than the 95th percentile event size in all cases. 
Sediment production rates in semiarid range-
land environments are generally produced 
by high magnitude, low frequency rainfall 

events (Nearing et al. 2007). Polyakov et al. 
(2010a) analyzed long-term (34 years) run-
off and soil loss data from semiarid rangeland 
watersheds in southern Arizona and found 
that the largest 10% of storms produced 
over 50% of total soil loss. Hence, this trend 
toward more extreme events was the main 
cause for the projected increase in the pre-
dicted runoff and soil erosion. These results 
coincide with a previous study by Nearing et 
al. (2005) that found that changes in rainfall 
intensity are likely to have significant impact 
on runoff and soil erosion.

Seasonal changes in runoff and soil loss 
were also analyzed (figure 7). As seen in fig-
ure 7a, runoff in the summer significantly 
increased in the future emission scenarios 
compared to the baseline (α = 0.05). RHEM 
predicted similar runoff changes for all the 
combinations of models and climate sce-
narios in the study area, varying from 55% 
to 68%. Contrary to the reduction in pre-
cipitation in the winter for future scenarios, 
winter runoff was projected to be markedly 
greater than that for the period 1970 to 1999 
in all cases (figure 7b). This increase was 
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Table 5
Statistics of regional average CLIGEN-generated daily precipitation for days with >1 mm d–1 for all the emission scenarios. The data for the mean 
number of wet days per year (Nd), mean percentage of total precipitation from extreme events (PrcP), and precipitation intensity at specific  
quantiles (PInt) are shown below. 

  2030 to 2059   2070 to 2099

Variable 1970 to 1999 A2 A1B B1 A2 A1B B1

Nd, ≥ 1 (mm d–1) 44.82a 39.10b 39.34b 38.10b 36.15b 36.65b 39.86b
Nd, ≥ 95 percentile (d) 2.25a 3.37b 3.19b 3.24b 3.26b 3.18b 3.16b
Nd, ≥ 99 percentile (d) 0.45a 1.19b 1.07b 1.08b 1.13b 1.05b 1.05b
PrcP, ≥ 95 percentile (%) 19.20a 31.62b 29.90b 30.67b 32.13b 30.81b 29.08b
PrcP, ≥ 99 percentile (%) 5.42a 14.97b 13.50b 13.81b 14.97b 13.71b 13.11b
PInt, 95 percentile (mm d–1) 26.45a 35.10b 34.00b 34.14b 35.71b 34.87b 33.45b
PInt, 99 percentile (mm d–1) 42.82a 63.67b 60.40b 60.86b 64.44b 61.01b 59.72b
Note: Numbers with the same letter within a row are not significantly different from each other at α = 0.05 (Duncan test).

Figure 6
Mean annual (a) runoff and (b) soil loss averaged over the area during the projected time periods of 2030 to 2059 and 2070 to 2099 relative to 1970 
to 1999 under the three emission scenarios (A2, A1B, and B1). Each value is the mean of seven models averaged over the region (± standard error).
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Table 6
Aerially averaged percentage of total mean annual runoff and soil loss caused by extreme (>95th and 99th percentile) events during the periods of 1970 
to 1999, 2030 to 2059 (projected), and 2070 to 2099 (projected) under the three emission scenarios (A2, A1B, and B1). Numbers in parentheses are the 
standard deviation of seven GCM models. PrctRunoff95 (PrctRunoff99) is the percentage of total runoff caused by events greater than the 95th (99th) 
percentile event size. PrctSed95 (PrctSed99) is the percentage of total soil loss caused by events greater than the 95th (99th) percentile event size.

  2030 to 2059   2070 to 2099

 1970 to 1999 A2 A1B B1 A2 A1B B1

PrctRunoff95 (%) 73 84 (4) 83% (3) 83 (3) 83 (3) 82 (4) 82 (4)
PrctSed95 (%) 76 88 (3) 88% (3) 88 (2) 88 (3) 88 (3) 87 (2)
PrctRunoff99 (%) 34 57 (7) 55% (7) 54 (5) 55 (7) 53 (8) 54 (7)
PrctSed99 (%) 40 64 (7) 64% (9) 62 (6) 63 (7) 62 (7) 64 (6)
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Figure 7
Changes in mean (a) summer runoff, (b) winter runoff, (c) summer soil loss, and (d) winter soil loss during the time periods of 2030 to 2059 and 2070 
to 2099 relative to the period 1970 to 1999 under the three emission scenarios (A2, A1B, and B1). Each value is the mean of seven models averaged 
over the region (± standard error).
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more pronounced than that in the summer, 
increasing by 148% to 201%. Similarly, the 
trends of the projected seasonal changes in 
soil loss rates followed the same basic pattern 
as did the trends in seasonal runoff (figure 7). 
This increase in seasonal soil loss was more 
pronounced than that for seasonal runoff 
(figure 7). Predicted average soil loss rates in 
the summer and winter increased by 88% to 
109% and 239% to 390%, respectively, in the 
two future periods relative to 1970 to 1999 
(figures 7c and 7d). However, it should be 
noted that soil erosion in this area is generally 

caused by high magnitude, low frequency 
rainfall events in the summer. Soil loss rates 
in the winter increase from 0.04 t ha–1 (0.02 
tn ac–1) during 1970 to 1999 to 0.15 to 0.18 
t ha–1 (0.07 to 0.08 tn ac–1) during the 2050s 
and 2090s, which also fall within the range 
of measured values on rangelands in this area 
(Nearing et al. 2007; Polyakov et al. 2010b). 
Hence, the increases of soil erosion in the 
summer had more impact. The three emission 
scenarios predicted similar soil loss increases 
in the summer during the two future periods 
(figure 7c).

As for the distribution of annual runoff and 
soil loss across all the sample points, figure 8 
shows the comparison of the histogram of 
annual runoff and soil loss averaged over the 
area between three future emission scenarios 
during 2030 to 2059 (projected) and histori-
cal observed rainfall during 1970 to 1999. 
The distribution of annual runoff and soil 
loss shifted to the right, which means more 
sample points with greater runoff and soil 
loss by the 2050s than those for the period 
1970 to 1999. Similar trends were found for 
all the three emission scenarios during the 
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Figure 8
Histograms of average annual (a, b, c, and d) runoff and (e, f, g, and h) soil loss for the three emission scenarios (A2 [b and f], A1B [c and g], and B1 
[d and h]) for the time periods of 2030 to 2059 and for (a and e) the historical observed data during 1970 to 1999 across the 151 sample points.
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Table 7
Mean annual runoff and soil loss across the four plant communities (bunch grass [BUG], sod grass [SOG], annual grass and forbs [AGF], and shrub 
(SHR]) during two future and historical periods. Numbers in parentheses are the standard deviation of all sample points for each plant community. 

  2030 to 2059   2070 to 2099

Annual
runoff (mm) 1970 to 1999 A2 A1B B1 A2 A1B B1

BUG 33.16 (27.76) 56.86 (37.73) 53.65 (35.77) 53.82 (36.08) 56.15 (36.42) 53.23 (36.16) 52.29 (35.73)
SOG 33.28 (21.52) 51.96 (29.58) 50.53 (29.12) 51.83 (29.94) 50.12 (28.04) 49.05 (27.96) 46.33 (27.60)
AGF 26.36 (22.36) 45.82 (30.85) 44.21 (29.36) 44.23 (28.34) 45.30 (29.79) 43.25 (28.57) 42.01 (28.88)
SHR 18.51 (17.68) 36.00 (28.30) 35.28 (27.13) 35.89 (26.23) 36.53 (28.63) 34.91 (26.80) 33.40 (26.96)

Annual soil 
loss (t ha–1)

BUG 0.13 (0.15) 0.25 (0.23) 0.24 (0.22) 0.24 (0.22) 0.26 (0.23) 0.24 (0.22) 0.23 (0.21)
SOG 0.12 (0.19) 0.21 (0.33) 0.21 (0.33) 0.23 (0.37) 0.21 (0.33) 0.20 (0.33) 0.19 (0.33)
AGF 0.29 (0.75) 0.50 (1.09) 0.50 (1.05) 0.50 (1.03) 0.51 (1.04) 0.49 (1.03) 0.47 (1.02)
SHR 0.21 (0.27) 0.47 (0.63) 0.49 (0.69) 0.48 (0.63) 0.51 (0.76) 0.48 (0.69) 0.45 (0.65)

period of 2070 to 2099 (not shown). For 
annual runoff, there were 114 of 151 sample 
points with less than 40 mm (1.6 in) run-
off during the period of 1970 through 1999, 
while significant reductions of the number 
were found for the two future periods under 
all emission scenarios, ranging from 85 to 
96 (Duncan tests, α= 0.05, table 4). During 
the period of 1970 through 1999, only two 
sample points had annual runoff greater than 
80 mm (3.1 in), whereas 22 to 27 sample 
points have annual runoff greater than 80 
mm by the middle and end of the present 
century under all three emission scenarios 
(table 4). There were no statistically signifi-
cant changes in the number of sample points 
with annual runoff between 40 and 80 mm 
(α= 0.05, table 4). Table 4 also shows simi-
lar trends of more sample points producing 
higher annual soil loss rates. There were fewer 
sample points with annual soil loss less than 
0.50 t ha–1 (0.22 tn ac–1) by the middle and 
end of present century relative to the period 
of 1970 through 1999, while significantly 
more sample points produced annual soil loss 
rates greater than 0.50 t ha–1 (α= 0.05, figure 
8b and table 4). These results indicated that 
much of the study area would experience 
more soil loss in the future.

Implications for Mitigation with 
Rangeland Conservation Practices. It is clear 
from the results of this study that in terms 
of the implications for rangeland conserva-
tion more concern should be targeted at the 
extreme events than ever before. Here we 
further analyzed the changes in runoff and 
soil loss across the four plant communities 
in MLRA 41 and then assessed management 
implications for each. The predicted mean 
annual runoff and soil loss averaged over 

each plant community are given in table 7. 
Larger annual runoff volumes were produced 
on bunch grasses and sod grasses than that for 
shrubs and annual grasses and forbs for all the 
cases. In contrast, shrubs and annual grasses 
and forbs had greater soil loss rates than 
bunch grass and sod grass for all the cases. 
It is not surprising that both annual runoff 
and soil loss would significantly increase for 
the four plant communities under all the 
emission scenarios by the 2050s and 2090s 
as shown in figure 9. Of interest is the dif-
ferent response to precipitation change of 
the four plant communities, particularly 
with respect to soil loss. Mean annual soil 
loss increased more for shrub communities 
than for the other three plant communities 
under the three emission scenarios by the 
2050s and 2070s relative to 1970 to 1999, 
ranging from 112% to 140%. This increase 
ranged from 61% to 75% for annual grasses 
and forbs under all the cases, from 71% to 
91% for bunch grasses, and from 54% to 
87% for sod grasses (figure 9). These different 
changes under future climate change may be 
due to greater bare ground patch size and 
less basal cover as well as formation of rill 
on shrublands (Schlesinger et al. 1990, 1999), 
and hence, soil erosion is likely to be remark-
ably exacerbated.

Increasing soil erosion rates in the future, 
especially for shrubs and annual grasses and 
forbs, have implications for management 
practices in the context of climate and veg-
etation change in the southwestern United 
States. Shrub invasion has been occurring 
in the southwestern United States over the 
past century, and brushy or woody species in 
these communities have increased in density 
and cover (Cable and Martin 1973; McClaran 

2003). Long-term increasing runoff and soil 
erosion may result in enough soil loss to 
accelerate the transition to degraded shrub 
states due to the positive vegetation-erosion 
feedback. Accelerating erosion on grasslands 
will cause increases in temporal and spatial 
heterogeneity for soil resources, especially 
with nutrients such as nitrogen (Schlesinger 
et al. 1990, 1999). These increases in the het-
erogeneity of soil resources could lead to the 
grassland degradation and shrub invasion, fol-
lowed by redistribution of soil resources from 
plant interspaces to areas beneath shrub cano-
pies (Okin et al. 2009). Low soil nitrogen levels 
would favor establishment of species that have 
low soil nitrogen requirements, such as many 
leguminous shrubs (Johnson and Meyeux 
1990). Furthermore, several studies have 
shown that in arid and semiarid ecosystems 
where soils are typically dry between events 
extreme precipitation events increased soil 
moisture at deeper layers that are less affected 
by evaporation (Sala et al. 1992; Knapp et 
al. 2008; Heisler-White et al. 2008; Heisler-
White et al. 2009; Thomey et al. 2010). Hence, 
in the context of no change or even decreased 
precipitation in the MLRA 41, the trends 
towards more extreme events would benefit 
soil moisture in the deep layer (Tietjen et al. 
2010), which would also then favor growth 
of deep-rooted shrubs over grasses. According 
to state-and-transition models (Westoby et 
al. 1989), more soil erosion on shrublands in 
the future could mean significant shifts from 
shrubs to the eroded state, which implies that 
it is unlikely to be able to restore historical 
plant communities over time frames relevant 
to ecosystem management.

From a conservation standpoint, range-
land management practices are certain to 
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Figure 9
Changes in mean annual runoff and soil loss across the four plant communities (bunch grass [BUG], sod grass [SOG], annual grass and forbs [AGF], 
and shrub [SHR]) under the three emission scenarios (A2, A1B, and B1) during the time periods of (a and c) 2030 to 2059 and (b and d) 2070 to 2099 
relative to the period of 1970 to 1999. Each value represents the mean of seven models (± standard error).
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shift substantially where future precipitation 
changes result in significant alterations in 
runoff and soil erosion. As rangeland vegeta-
tion transitions toward more shrub-invaded 
or eroded states and as precipitation patterns 
change and extreme events happen more 
frequently, management practices need to 
incorporate the latest information on the 
impacts of changing precipitation regimes 
and increasing soil erosion. Adaption should 
include management practices that are less 
prone to erosion and increase the resiliency 
of rangelands to respond to climate change.

Livestock grazing management practices 
may need to change to match the new veg-
etation and climate. Livestock grazing is the 
most widespread management practice in the 
southwestern United States (Fleischner 1994). 
Coupled with warmer temperatures caus-
ing more frequent occurrence of droughts 
(Seager et al. 2007, 2010), the disturbances 
from increasing soil erosion in the future may 
be larger and more common than those expe-
rienced historically. Increasing soil erosion rates 
on grasslands might require a reduction of 
stocking rates or adjustment in the season of 

grazing. Grazing systems, such as rotation and 
seasonal suitability, might be used to alleviate 
the pressure of overgrazing on grasses. Periodic 
rest from grazing during the growing season is 
important for vegetation recovery and main-
tenance (Teague et al. 2004, 2010; Müller et al. 
2007) and may help to reduce soil erosion. A 
reduction of precipitation and increase of run-
off and soil loss in the winter (figures 4b and 
6) might negatively affect plant productivity on 
grasslands. As a result, stocking rates and grazing 
systems will need to be modified to optimize 
pasture use in the winter.
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Given the risk of greater accelerated soil 
erosion rates from shrublands than from grass-
lands in the coming decades in MLRA41, 
we suggest that currently uninvaded grass-
lands be made priorities for conservation 
management in order to reduce soil erosion. 
Management practices should be directed 
to keep a high grass cover and prevent the 
transition mechanisms that result in the 
degraded shrub-dominated state. In addition, 
land managers must consider the option of 
removing shrubs or at least controlling their 
expansion. Large rates of soil loss and greatly 
increased runoff rates from shrublands would 
lead to the degradation of soil physical and 
hydrological properties, including reduction 
in the soil A-horizon organic matter, com-
paction, and persistently reduced infiltration, 
which could hence limit the recruitment of 
perennial grasses. On sites where soil erosion 
dramatically changes the soil properties, the 
application of shrub treatments that effec-
tively help to reestablish the grass cover 
should be implemented in early transition 
to a shrub-encroached state. In these cases, 
fire management and mechanical or herbi-
cide treatment could be used to prevent the 
growth of shrubs. Many studies have found 
that less-costly prescribed fire, in combina-
tion with managed grazing and herbicide 
applications, can effectively reduce mesquite 
canopy cover and control invasive species for 
maintenance of local grasslands (Wright and 
Bailey 1982; Teague et al. 2010). In shrub-
invaded grasslands of the southwestern 
United States, prescribed burning treatments 
have in some cases effectively eliminated 
mesquite and enhanced grass recovery by 
resulting in high shrub mortality and reduc-
ing competition for shallow soil moisture, 
eventually reducing erosion loss (Cable 1967; 
Martin 1983; DeBano et al. 1998; White 
and Loftin 2000; Parmenter 2008; Ravi and 
D’Odorico 2008). However, it is important 
to point out that present notions of best 
management practices might be inadequate 
for future planning because they draw heav-
ily from our past knowledge. There is still 
considerable uncertainty concerning how 
these management practices are likely to be 
influenced under future climate in the con-
text of more extreme climatic events and 
more common droughts in the southwestern 
United States. 

Climate change is expected to affect 
runoff and soil erosion through multiple 
pathways, including changes in precipi-

tation, temperature, atmospheric CO2 
concentrations, and their interactions. 
Projected future changes in soil erosion 
rates in this study may be a conservative 
estimate because only the potential impacts 
of precipitation changes were evaluated. 
We assumed here in the model projec-
tions that vegetation was unchanged in the 
future. The southwestern United States is 
expected to trend toward a warmer climate 
during the 21st century (Seager et al. 2007, 
2010), which will very likely decrease the 
vegetation cover that protects the ground 
surface from soil erosion in semiarid range-
lands (Ryan et al. 2008). Hence, future 
research needs to address the combined 
effects of warming, rising atmospheric CO2 
concentrations, precipitation changes, and 
adaptations of rangeland management prac-
tices. Consideration of these factors will 
require much more extensive research.

Summary and Conclusions
The present study evaluated the potential 
impacts of precipitation changes on runoff 
and soil erosion in Major Land Resource 
Area 41 of southeastern Arizona rangelands 
for three future climate emission scenarios 
(A2, A1B, and B1) from seven GCMs using 
spatial-temporal downscaling techniques. 
The Rangeland Hydrology Erosion Model 
(RHEM) was used to simulate surface run-
off and soil erosion for 151 sample points 
in MLRA41.

Our results suggested future runoff and soil 
erosion might increase significantly even if 
total annual or seasonal rainfall amounts were 
to remain unchanged or decrease. The results 
showed that mean annual precipitation would 
not significantly change or even slightly 
decrease throughout MLRA 41 under three 
emission scenarios for the periods of 2030 to 
2059 and 2070 to 2099 relative to 1970 to 
1999. In contrast, mean annual runoff and soil 
loss were predicted to dramatically increase 
for all the cases, from 79% to 92% and from 
127% to 157%, respectively.

Extreme events will play a key role in 
the increase of runoff and soil erosion in 
the future. In this study, the frequency and 
intensity of heavy events were projected to 
increase significantly, which then will result 
in dramatically accelerated soil erosion rates 
in the coming decades.

The likelihood of increases in heavy 
storms and soil erosion rates may accelerate 
the transition of grasslands to degraded shrub 

states due to the positive vegetation-erosion 
feedback (Schlesinger et al. 1990). Modeling 
results suggested that annual runoff and soil 
loss were projected to increase more for 
shrub communities than for other plant 
communities, with increases ranging from 
112% to 140%. Our study highlights the 
need to prevent further amplification of soil 
loss with effective rangeland management, 
such as prescribed fire, shrub treatments, and 
managed grazing. Increasing soil erosion on 
rangelands would have important ecological 
and environmental consequences and should 
be explicitly considered in the context of 
management. With more extreme events in 
the future, more concern about conservation 
management may be considered in respect to 
currently uninvaded grasslands.

Our study was limited in terms of the 
potential impacts of climate change because 
only changes of precipitation patterns were 
assessed. Future studies are needed to quan-
titatively assess the combined impacts of 
climate change, including changes in veg-
etation and mitigation with management 
practices. However, given the results in this 
study, coupled with warmer, drier climate 
and more heavy storms in the southwestern 
United States (Seager et al. 2007, 2010; Karl 
et al. 2009), the prospect is one of increased 
erosion rates under climate change for the 
foreseeable future.
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