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Assessing landscape patterns in climate vulnerability, as well as resilience and resistance
to drought, disturbance, and invasive species, requires appropriate metrics of relevant
environmental conditions. In dryland systems of western North America, soil temperature
and moisture regimes have been widely utilized as an indicator of resilience to disturbance
and resistance to invasive plant species by providing integrative indicators of long-term
site aridity, which relates to ecosystem recovery potential and climatic suitability to
invaders. However, the impact of climate change on these regimes, and the suitability
of the indicator for estimating resistance and resilience in the context of climate
change have not been assessed. Here we utilized a daily time-step, process-based,
ecosystem water balance model to characterize current and future patterns in soil
temperature and moisture conditions in dryland areas of western North America, and
evaluate the impact of these changes on estimation of resilience and resistance. Sail
temperature increases in the twenty-first century are substantial, relatively uniform
geographically, and robust across climate models. Higher temperatures will expand
the areas of mesic and thermic soil temperature regimes while decreasing the area
of cryic and frigid temperature conditions. Projections for future precipitation are
more variable both geographically and among climate models. Nevertheless, future
soil moisture conditions are relatively consistent across climate models for much
of the region. Projections of drier soils are expected in most of Arizona and New
Mexico, as well as the central and southern U.S. Great Plains. By contrast, areas
with projections of increasing soil moisture include northeastern Montana, southern
Alberta and Saskatchewan, and many areas dominated by big sagebrush, particularly
the Central and Northern Basin and Range and the Wyoming Basin ecoregions.
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In addition, many areas dominated by big sagebrush are expected to experience
pronounced shifts toward cool season moisture, which will create more area with
xeric moisture conditions and less area with ustic conditions. In addition to indicating
widespread geographic shifts in the distribution of soil temperature and moisture regimes,
our results suggest opportunities for enhancing the integration of these conditions into
a quantitative framework for assessing climate change impacts on dryland ecosystem

resilience and resistance that is responsive to long-term projections.

Keywords: aridification, big sagebrush ecosystems, cheatgrass, climate change, drought, ecological

transformation, vulnerability

INTRODUCTION

Global change, particularly altered disturbance regimes,
biological invasions, and long-term climatic shifts, represent
growing challenges for policy makers, and natural resource
managers working to sustain ecosystem services (Glick et al.,
2010). Among the most important applied information needs
to maximize the ability of resource managers to cope with
these changes is reliable understanding of geographic patterns
in ecosystem vulnerability to climate change and subsequent
impacts on ecological resilience (Box1) to disturbance and
other stressors (Briske et al., 2015). Decision makers need
a quantitative, systematic way to recognize how locations
differ in their expected response to changes in both climate
and disturbances. This information would enable efficient
prioritization and resource allocation by identifying areas
where management activities can increase the adaptive capacity
of ecosystems and minimize adverse impacts. It would also
identify those areas where important changes in climate
are expected and management activities need to focus on
assisting ecosystems in transitioning to the new conditions
(Millar et al., 2007; Snyder et al., 2018).

The need for insights about geographic patterns of climate
vulnerability is especially pronounced in dryland regions,
where degradation has been widespread and many ecosystems
are heavily dependent on moisture that is acquired in the
soil profile (Huang et al,, 2017). Persistent land degradation
due to combinations of land use, disturbance, and biological
invasions, has emerged as one of the most pressing contemporary
management challenges in dryland regions (Herrick et al., 2012).
The simultaneous increase in the abundance of degraded
land and growing land use pressure often impede efforts
to sustain or restore dryland ecosystems (Kildisheva et al,
2016). In addition, because rising temperatures are among
the most consistent projected aspects of climate change,
and higher temperature exacerbates aridity, dryland regions
may be especially impacted by climate change (Huang et al.,
2017). However, plants in dryland environments respond
primarily to soil moisture, not precipitation (Noy-Meir,
1973). As a result, accurately projecting the magnitude,
potential implications, and uncertainty of changes in drought
stress experienced by dryland ecosystems in response to
rising temperature and altered future precipitation patterns
is complicated (Wang et al, 2012). Because climatic

conditions, edaphic properties, and vegetation feedbacks
interact to influence moisture availability, dryland ecosystem
vulnerability to climate change and ecological resilience to
disturbance are highly heterogeneous in both space and
time. This heterogeneity represents a substantial challenge
to developing geographically appropriate ~management
strategies that prevent degradation and promote recovery
from disturbance.

In the dryland ecosystems that characterize much of
western North America, long-term environmental conditions
can provide useful insights into ecological resilience to
disturbance and resistance to invasive species (Chambers et al.,
2014a, 2019a,b). Recent work has applied soil characteristics
to describe geographic patterns of disturbance resilience and
invasion resistance, specifically cheatgrass (Bromus tectorum),
at regional to site scales (Chambers et al., 2016, 2017a,b;
Maestas et al., 2016). Specifically, soil temperature and moisture
regimes, based on soil taxonomy and mapped by the National
Cooperative Soil Survey, were used because they integrate
the combined effects of temperature and precipitation to

BOX 1 | Ecological vulnerability, resilience, and resistance.

Vulnerability to climate change: The degree to which a system is
susceptible to, and unable to cope with, adverse effects of climate change,
including climate variability, and extremes. Vulnerability is a function of climate
exposure, the magnitude of expected change in climate mean and variability;
sensitivity, the potential ecological impact of changing climate; and adaptive
capacity, the ability of a system to maintain critical composition and function
as climate changes (Glick et al., 2010; Stein et al., 2014).

Ecological resilience: The amount of change needed to change an
ecosystem from one set of processes and structures to a different set of
processes and structures or the amount of disturbance that a system can
withstand before it shifts into a new regime or alternative stable state (Holling,
1973). In the applied context here, resilience describes the capacity of an
ecosystem to regain its fundamental structure, processes, and functioning (or
remain largely unchanged) despite stresses and disturbances (Hirota et al.,
2011; Chambers et al., 2014a; Seidl et al., 2016).

Ecological resistance: The ability of an ecosystem to stay essentially
unchanged despite the presence of disturbances and stressors (Grimm and
Wissel, 1997). In the applied context here, resistance describes the attributes
and processes of an ecosystem that influence the potential population growth
and eventual dominance by an invading species (D’Antonio and Thomsen,
2004).
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characterize overall patterns of soil moisture availability for
plant communities and represent estimates of long-term, typical
conditions (Soil Survey Staff, 2014). Potential resilience and
resistance (R&R) varies across environmental gradients and
among ecological types and ecological sites (Chambers et al.,
2014a). To facilitate broad-scale analyses of resilience and
resistance, the dominant ecological types in the sagebrush
range were identified and their soil temperature and moisture
regime determined. Then resilience and resistance categories
were assigned to each ecological type based on available
ecological site descriptions and expert knowledge. Soil survey
spatial and tabular data were aggregated according to soil
temperature and moisture regime and moisture subclass
(Maestas et al., 2016). A simplified index of relative resilience
and resistance was generated by assigning each soil temperature
and moisture regime/moisture subclass to one of three categories
(high, moderate, and low) based on the ecological type
descriptions and expert input. These simplified categories have
provided a useful framework for ecologically-based resource
allocation and determination of appropriate management
strategies across scales (Maestas et al., 2016; Chambers et al.,
2017a,b).

As climatic conditions change, soil temperature and moisture
conditions will also change. Soil temperature and moisture
regimes are defined by criteria that indicate how temperature
and moisture conditions differ among regimes (Soil Survey
Staft, 2014). However, current geographic databases for both
temperature and moisture regimes are derived from soil surveys
that use qualitative approaches, for example indicator plant
species, to map the geographic distribution of regimes. As
a result, these survey-based methods do not lend themselves
to a quantitative assessment of the future distribution of soil
temperature and moisture regimes. Projections of future regimes
will require a process-based approach in which regimes are
systematically linked to driving climatic and edaphic conditions.

Because soil temperature and moisture regimes are currently
being incorporated into natural resource planning and
management, developing projections for future changes is
an important step toward quantifying and understanding

uncertainty around climate change impacts. Our overall goal
was to assess how projected changes in climate will alter soil
temperature and moisture conditions in drylands of western
North America. We simulated soil temperature and moisture
conditions for current climate, and for future climate represented
by all available climate models at two time periods during the
twenty-first century. We used the results to: (1) quantify the
direction and magnitude of expected changes in several measures
of soil temperature and soil moisture, including the key variables
used to distinguish the regimes used in the R&R categories; (2)
assess how these changes will impact the geographic distribution
of soil temperature and moisture regimes; and (3) explore the
implications for using R&R categories for estimating future
ecosystem resilience and resistance.

METHODS
Study Area

We quantified soil temperature and moisture conditions in
dryland areas of the U.S. and Canada where the ratio of mean
annual precipitation to potential evapotranspiration was <0.6.
We simulated conditions on a 10-km resolution grid, resulting
in 58,694 cells for the entire dryland extent. Because resilience
and resistance concepts are widely developed for big sagebrush
ecosystems, we describe results for resilience and resistance
metrics only within the Greater Sage-grouse Management Zones
(Manier et al., 2013), an area represented by 16,111 cells
(Figure S2.1).

Soil Temperature and Moisture Variables

Examined

We quantified current and future conditions for two soil
temperature variables (Figure 1) that define soil temperature
regimes as defined by the National Cooperative Soil Survey
(Soil Survey Staff, 2014): mean annual soil temperature at 50 cm
depth (hereafter TonNs0), and mean summer (June-August)
temperature at 50 cm depth (Tsumso). Conditions with Tannso <
0 are classified as other (primarily permafrost), while increments
of 8°C separate the remaining soil temperature regimes, with the

Tannso: Mean annual soil temperature at 50cm

<0 Oto8
N

8to 15 15to 22
N N

>22

Tsumso:

Mean 1715~ Frigid
summer
soil temp. <15 > Cryic
at 50cm

Mesic Thermic

FIGURE 1 | Simplified relationships between soil temperature regimes (colors) and primary criteria for distinguishing the regimes. See text for descriptions of criteria.
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DRYprop: Proportion of days with all layers dry when
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Days |>%0 layers dry Ml
with any during
layer summer |<45 >
dry
<90 >

FIGURE 2 | Simplified relationships among soil moisture regimes (colors) and primary criteria for distinguishing the regimes. See text for descriptions of criteria.
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winter days with all
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exception of Frigid and Cryic, which are further distinguished
from one another by Tsumso: soils with Tsumso > 15°C are
characterized as Frigid, while Cryic regimes are defined by
TSUMSO < 15°C.

Soil moisture regimes are defined (Soil Survey Staff, 2014)
by combinations of several variables (Figure 2) describing the
frequency and seasonality of wet (>—1.5MPa) soil conditions
within the moisture control section (MCS: soil layers with depth
ranging from 10 to 30 cm for fine textures to 30-90 cm for coarse
textures; Soil Survey Staff, 2014). We focus here on the three
most important variables for differentiating among the moisture
regimes in drylands of western North America: DRYprop,
CWETwiNTER, and CDRYsymmer. First, the proportion of days
that all layers within the MCS are dry when soil temperature
at 50cm > 5°C (DRYprop) provides an overall measure of
aridity and distinguishes Aridic from all other regimes. The
other two variables represent seasonal patterns of moisture
availability in non-aridic areas, and distinguish between Ustic
(seasonally summer moist) and Xeric (seasonally winter moist)
conditions. These are the number of consecutive days with all
MCS layers wet during the winter (CWETwNTER: winter here
defined as the 4 months following the winter solstice), and the
number of consecutive days with all MCS layers dry during
the summer (CDRYsymMEer: summer defined as the 4 months
following the summer solstice). In the Supplementary Materials,
we also provide results for three other soil moisture variables
that relate to the soil moisture regimes but are not as influential
for the western U.S: DRY z11,, CWETg, and DRY sny (Figure 2).
Two variables distinguish among Aridic-weak, Aridic-typic, and
Aridic-extreme regimes: the number of days with all MCS layers
dry (DRY411), and the number of consecutive days with any
layer wet when soil temperature at 50 cm depth (T5g) is > 8°C

(CWETs). The last variable, the number of days when any soil
layer in the MCS is dry (DRYany), differentiates wetter Udic
conditions from Xeric and Ustic conditions.

Ecohydrological Modeling

Current and future patterns of soil temperature and moisture
were assessed using the SOILWAT2 ecosystem water balance
model (Schlaepfer and Andrews, 2018; Schlaepfer and Murphy,
2018). SOILWAT?2 (described in Appendix5) is a daily time
step, multiple soil layer, process-based, simulation model of
ecosystem water balance that has been applied in numerous
dryland ecosystems (Bradford and Lauenroth, 2006; Lauenroth
and Bradford, 2006; Schlaepfer et al., 2012, 2017; Bradford et al.,
2014a,b; Tietjen et al., 2017). Inputs to SOILWAT?2 include daily
temperature and precipitation, mean monthly relative humidity,
wind speed and cloud cover, monthly vegetation (live and
dead biomass, litter, and active root profile) and site-specific
properties of each soil layer. For each 10 km cell, we estimated soil
temperature and moisture conditions for four different soil types.
We simulated conditions using site-specific soils (Figure $4.1),
based on data for each soil layer (sand %, clay %, volume of
gravel, bulk density, soil depth) for each grid cell from the
aggregated databases NRCS STATSGO (1 km2 grids; Miller and
White, 1998) within the United States and ISRIC-WISE v1.2 (5-
arcmin; Batjes, 2012) for areas in Canada. Results from these
site-specific simulations are the primary focus of the manuscript.
However, to provide insight into the influence of divergent soil
conditions, we also simulated conditions in three fixed soil types
that included a clay loam (27% sand, 35% clay, 38% silt), a
sandy loam (66% sand, 9% clay, 25% silt), and a silt loam (16%
sand, 9% clay, 75% silt). Results from these fixed soil simulations
are presented in Appendix 3. For each cell, we estimated the
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relative composition of C3 and C4 grasses and woody plants
as well as monthly biomass, litter, and root depth distributions
from climate conditions (e.g., relatively more C4 grasses in
warm areas with high summer precipitation, more C3 grasses
in cooler areas with winter precipitation, and more shrubs in
cool-dry areas with winter precipitation; Paruelo and Lauenroth,
1996) using methods described in Bradford et al. (2014b) and
Palmquist et al. (2016a).

Climate Scenarios and Data Sources

Climate data layers included both current and future climatic
conditions developed for a 10-km resolution grid across western
North America. We used NCEP/CFSR products (Saha et al,
2010) for current climate conditions (1980-2010) by extracting
daily maximum and minimum temperature (2 m above ground)
and precipitation from the 6-hourly T382 products (U. S.
National Centers for Environmental Prediction, 2010a,b). For
future conditions, we extracted climate conditions as monthly
time-series for two time periods, 2020-2050 and 2069-2099,
from 1/2-degree downscaled and bias-corrected products of the
fifth phase of the Climate Model Intercomparison Project (Taylor
etal., 2012) (CMIP5). We extracted data from all available general
circulation models (GCMs) for two representative concentration
pathways (RCP4.5-37 GCMs; RCP8.5-35 GCMs) (Moss et al.,
2010). We obtained data from the “Downscaled CMIP3 and
CMIP5 Climate and Hydrology Projections” archive (Maurer
et al, 2007) at http://gdo-dcp.ucllnl.org/downscaled_cmip_
projections/. We combined historical daily data (NCEP/NFSR)
with monthly GCM predictions of historical and future
conditions with a hybrid-delta downscaling approach to obtain
future daily forcing (Hamlet et al., 2010; Tohver et al., 2014).

Soil Regimes and Resilience/Resistance

Categorization

The National Cooperative Soil Survey has developed an
algorithm, described in Soil Survey Staff (2014). We implemented
the soil temperature and moisture regime logic in conjunction
with the SOILWAT2 model, as described in the vignette
“SoilMoistureRegimes_SoilTemperatureRegimes” of the R
package rSOILWAT2 (Schlaepfer and Murphy, 2018). The
basic criteria used to determine soil temperature and moisture
regimes are illustrated in Figures 1, 2, respectively. We evaluated
conditions during “normal” years, which are defined as
having annual temperature, annual precipitation, and monthly
precipitation for at least 8 of the 12 months within one standard
deviation of long-term mean conditions (Soil Survey Staff, 2014).
For each grid cell, we examined the specific soil temperature
and moisture variables described above during normal years
to determine the appropriate soil temperature and moisture
regime, based on the criteria summarized in Figures 1, 2. Logic
for assigning resilience and resistance classes based on soil
temperature and moisture regimes have been developed for
various regions (Chambers et al., 2014c, 2016; Maestas et al,
2016). We synthesized these categorizations (Figure S2.4) and
applied them to assign current and potential future ecosystem
resilience and resistance. We only evaluated resilience and
resistance in big sagebrush dominated ecosystems, which is

where assessments of the R & R categories have been developed.
These systems are defined here as the extent of the greater sage-
grouse management zones (Figure $2.1), which are important
conservation planning units in western North America (Manier
et al., 2013).

Ensemble Approach

We calculated all variables and resulting regimes under historical
climate conditions and for each GCM under both RCPs and
for both time periods. We present results for the median GCM
within each RCP and time period, and identify areas where
>90% of the GCMs within each RCP and time period (i.e., >33
GCMs under RCP4.5 and >31 under RCP8.5) agree on either
the direction of change in continuous temperature or moisture
variables, or agree on the regime categorization. All analyses on
simulation output variables were performed in R version 3.3.2 (R
Core Team, 2016).

RESULTS

Averaged across our entire study region, the median climate
model indicated near-term (2020-2050) mean annual air
temperature increases of ~1.7°C under RCP8.5 (ranges described
here represent 10-90% of GCMs, which in this case was 1.2-
2.4°C) and 1.5°C under RCP4.5 (0.9-2.0 °C). In the long-term
(2070-2100), temperature increases grow to 4.9°C for RCP8.5
(3.5-6.4°C) and 2.6°C for RCP4.5 (1.6-3.7°C). For both the near-
term and long-term projections, areas where more than 90% of
the GCMs indicated temperature increases were ubiquitous, and
the magnitude of the increase in temperature was reasonably
consistent across these North American drylands (Figure S1.1).
By contrast, projections for changes in annual precipitation
varied substantially both geographically and among GCMs
(Figure S1.2). Under RCP8.5, average near-term precipitation
change across the study region for the median GCM is +15mm
with 10-90% of GCMs ranging from of —23 mm to +56 mm.
In the long-term, average precipitation change for the median
GCM was +22mm (—36mm to +89mm). Locations where
>90% of GCMs agree in the direction of change in mean annual
precipitation included only areas with projected precipitation
increases and were confined in the near term to small areas
in Wyoming and the northwest portion of the study area
(Figure S1.2). In the long term, areas with robust projections for
increasing precipitation are more widespread but still confined to
the northern portion of North American drylands.

Soil Temperature

Averaged across the study area, mean annual soil temperature
at 50cm depth (Tannso) increased for all future climate
scenarios (Figure 3 and Figure S1.4). Tannso increase in the
near-term (2020-2050) averaged 1.25°C for the median GCM
under RCP8.5 (10-90% of GCMs: 0.7°-1.9°C) and 1.1°C under
RCP4.5 (0.4-1.7°C). For the long-term (2070-2100), average
Tannso was projected to increase to 3.6°C for the RCP8.5
median GCM (2.3°-5.0°C), and 1.9°C under RCP4.5 (GCM
range 0.9°-3.0°C, Figure S1.4). Summer soil temperature at
50cm depth (Tsumso) increased under all future scenarios
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A Current 35
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B 2070-2100 (RCP8.5 Median)
Annual soil T 50cm (C)

FIGURE 3 | Current (A), future (B; 2070-2100; RCP8.5 median model), and change (C) in T50anN: Mmean annual soil temperature (°C) at 50 cm depth.
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FIGURE 4 | Current (A), future (B; 2070-2100; RCP8.5 median model), and change (C) in soil temperature regimes. Stippling indicates areas where >90% of climate

2070-2100 (RCP8.5 median)
New Soil Temperature Regimes

Thermic
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v

(Figure S1.5), with slightly larger magnitudes and stronger
geographic patterns than Tannso. These temperature increases
supported substantial shifts in the geographic distribution of soil
temperature regimes (Figure 4 and Figure S1.6). The extent of
cooler Cryic and Frigid regimes, currently representing 31% of
the region, were projected to represent only 19% in the near-
term for RCP8.5 (21% for RCP4.5), and <2% in the long-term for
RCP8.5 (14% for RCP4.5). Thermic and Hyperthermic regimes,
currently found only in the southern portion of the region,
expanded from 21% of the region to 28% in the near-term for
RCP8.5 (27% for RCP 4.5) and 41% in the long-term (32%
for RCP4.5). Mesic soil temperatures increased modestly, from
48% of the region currently to 53% in the near-term (52% for
RCP4.5) and 58% in the long-term (54% for RCP4.5). Especially
for RCP8.5 and the long-term, Thermic and Hyperthermic

regimes expanded in the southern and middle portion of
the study area, at the expense of the Mesic regime, which
shifted northward.

Soil Moisture Overall Aridity

Aridic soil moisture regimes are distinguished from other
regimes by DRYprop > 50%, where DRYpRrop is the proportion
of warm days (T5¢ > 5) that have entirely dry soils (warm and dry
days divided by total warm days; Figure 2). For the median GCM,
we found that future climate conditions promoted increases on
average in both the number of warm days (Figure S1.7) and
the number of warm and dry days (Figure S1.8). Near-term
projections for the median GCM suggest an increase of 16 warm
days for RCP8.5 (10-90% of GCMs: 9-26 days) and 14 days for
RCP4.5 (6-22 days). Long-term projections indicated 45 more
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A Current & B

Proportion warm that are dry -

2070-2100 (RCP8.5 Median)
Proportion warm that are dry

FIGURE 5 | Current (A), future (B; 2070-2100; RCP8.5 median model), and change (C) in DRYprop: proportion of days with all soil layers dry when Tgg > 5°C.

c Change in Proportion warm that are dry
(RCP8.5 median)

warm soil days per year for the median GCM for RCP8.5 (30-61
days) and 25 more days for RCP4.5 (12-39 days). Projections for
increases in days that are both warm and dry generally increased
slightly slower than warm days. Projected increases in warm-dry
days for the median GCM are only 6 (10-90% of GCMs: —9 to
21) for both RCP8.5 and RCP4.5, while long-term increases are
20 days for RCP8.5 (—2 to 47 days) and 11 days for RCP4.5
(=7 to 30 days). In most parts of these drylands, particularly
the central and northern portions of the region, the projected
increase in warm days exceeded the increase in warm and dry
days (Figure S4.2), resulting in lower DRYprop (Figure 5 and
Figure S1.9). In other limited portions of the region, notably the
central and southern Great Plains and portions of the Arizona-
New Mexico highlands, DRYprop was projected to increase
in the future as the number of warm and dry days outpaces
the number of warm days. For locations meeting the overall
criteria to be considered aridic (DRYprop > 50%), weak aridic
is characterized by having >45 consecutive hot days (T5y > 8)
with any soil layer wet, a condition that increased in prevalence
across most of the region (Figure S1.10) probably because the
number of hot days was greater in the future. Extreme aridic
regimes are distinguished by having >360 days with all soil layers
dry. Although the number of days with all dry soils increased
across some portions of the region (Figure S1.11), very few areas
had more than 360 entirely dry days under either current or
future conditions.

Soil Moisture Seasonality

Very little of the study region has <90 days with any soil
layer dry, which is necessary to qualify as the relatively
wet Udic soil moisture regime (Figure S1.12). As a result,
moisture patterns in the non-arid areas are defined (Figure 2)
by either winter soil moisture availability (Xeric) or summer
soil moisture availability (Ustic). Winter moisture is quantified
by CWETwINTER, the number of consecutive winter days with
all soil layers wet. Projections for CWETwNTEr indicated

increasing winter moisture over most of the northwest and
north-central portions of our region and decreases in much of
the southeastern area, with broad areas where 90% of GCMs
agreed on the direction of change (Figure 6 and Figure $S1.13).
Summer moisture availability is quantified by the number
of consecutive summer days when all soil layers are dry
(CDRYsymMmER), which was projected to change only modestly
with both increases and decreases expected (Figure?7 and
Figure S1.14). The exception was the eastern portion of our
study area, covering much of the central Great Plains, where
CDRYsumMmMER Was projected to increase in >90% of GCMs and
median increases were >20 days over large areas, particularly
for RCP8.5.

Climate-driven changes in the metrics related to aridic
soil moisture regimes, and to the seasonality of soil moisture
availability for wetter locations combined to alter the geographic
patterns of soil moisture regimes within drylands of western
North America. However, the changes differed substantially
among regions (Figure 8 and Figure S1.15). Throughout much
of the northern portion of these drylands, decreasing proportion
of warm days that have dry soils (as quantified by DRYprop)
resulted in less area with an aridic soil moisture regime.
Aridic soil moisture regimes are currently found across 43%
of this region, and that proportion is projected to decrease
in the near-term to 34% under RCP8.5 (GCM range: 23-
52%) and 36% for RCP4.5 (24-53%). In the long term, aridic
regimes decrease to 30% for RCP8.5 (19-47%) and 33% for
RCP4.5 (21-50%). In the intermountain portions of these areas,
characterized by the Greater Sage-grouse Management Zones
(Figure S2.3), areas with aridic regimes were replaced with xeric
regime classifications, with the exception of the northern Great
Plains where aridic-classified areas were replaced with ustic soil
moisture classifications. Changes in the southern portions of
these drylands were more variable, although increasing aridity
was projected in northeast New Mexico and the Texas and
Oklahoma panhandles (Figure 8).
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FIGURE 6 | Current (A), future (B; 2070-2100; RCP8.5 median model), and change (C) in CWETyNTER: Consecutive winter days with all soil layers wet.
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FIGURE 7 | Current (A), future (B; 2070-2100; RCP8.5 median model), and change (C) in CDRYgymveR: consecutive summer days with all layers dry.
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Resilience and Resistance in Big

Sagebrush Dominated Areas

With only very minor regional variation, high R&R are linked
to cold and wet conditions, while low R&R are linked to
hot and dry conditions (Figure S2.4). Our results examining
the effect of climate change on soil temperature and moisture
regimes implies decreasing abundance of both low and high
R&R, and an associated increase in moderate R&R, especially
in the long-term for RCP8.5 (Figures S2.5, $2.6). Rising soil
temperatures create few areas with Cryic and Frigid temperature
regimes (Figure $2.2), and thereby reduce the extent of areas
categorized as high R&R from 42% of the region under current
conditions to 23% in the long-term under RCP8.5 (37% under
RCP4.5; Figures 9, 10, and Figures S2.5, $2.6). Many of these

areas become moderate-low R&R, which increases from 2%
of the region currently to 21% in the long-term under RCP
8.5 (11% under RCP 4.5). Simultaneously, as fewer locations
meet the criteria defined for the aridic soil moisture regime
(described above), areas categorized as low R&R decrease from
16% currently to 3% in the long term under RCP8.5 (8% under
RCP4.5). Moderate R&R areas increase from 38% currently
to 53% in the long-term under RCP8.5 (44% under RCP4.5;
Figure 9 and Figures S2.5, $2.6).

Variability Among Soil Types

Results for the three fixed soil types that we examined in
addition to the site-specific soils indicated that soil temperature
conditions are relatively unimpacted by soil texture, while soil
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FIGURE 8 | Current (A), future (B; 2070-2100; RCP8.5 median model), and change (C) in soil moisture regimes. Stippling indicates areas where >90% of climate
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moisture displays important variability in response to texture.
Projected future increases in soil temperature, and resulting
consequences for the distribution of soil temperature regimes,
were very consistent across soil types (FiguresS3.1, S3.2).
Sandy loam soils had lower DRYprop than either the clay
loam or silt loam soils, and generally lower than the site-
specific soils (except where local soil texture is extremely
coarse; Figure $3.3). Sandy loam soils also generally displayed
higher wet soil days in the winter (CWETwintER; Figure $3.4)
and slightly lower dry days in the summer CDRYsumMmER;
Figure S§3.5) than the other textures. These differences mean
that, compared to silt-loam or clay-loam soils, sandy loam soils
support slightly less area with aridic soil moisture conditions
and slightly greater area with ustic and xeric conditions although
these differences decrease under future climate conditions when

aridic soil moisture regimes are less common for all soil
textures (Figure S3.6). Although the regional abundance of R&R
categories are relatively similar among the soil types, the detailed
geographic patterns of these categories do vary by soil type
(Figures $3.7, S3.8).

DISCUSSION

Quantitative evaluation of climate vulnerability and ecological
resilience to global change at broad spatial scales requires
widely available information about relevant environmental
conditions that influence how ecosystems respond to
stressors like drought, invasive species, and disturbance
(Chambers et al., 2019a). In dryland regions, soil temperature
and moisture regimes are widely utilized as foundational
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FIGURE 10 | Current (a), future (b; 2070-2100; RCP8.5 median model), and change (c) for resistance in big sagebrush areas, characterized by greater sage-grouse
management zones, which are outlined here.

indicators of resilience to disturbances, such as wildfire, Geographic Variability in Moisture
and resistance to invasive plants, such as non-native annual  Projections

grasses (Chambers et al., 2019b). By estimating how long-  whijle projections for increasing temperature display relative
term climate trajectories will alter these regimes, our  geographic consistency, our results suggest substantial
results provide insight into potential refinements that may  geographic variation in anticipated changes to soil moisture
help existing landscape-scale assessments of resilience and  conditions. The largest divergence is between the central
resistance better capture dryland ecological dynamics in a  ;nd northwest portion of our study region, where soil

shifting climate. moisture availability appears likely to increase, and the
southeastern portion, where soil moisture is expected to
Consistent Temperature Increases decline. The northwestern areas of our study region include

Projections for substantial soil temperature increases in  the intermountain zone in the United States and much of
the twenty-first century are the most unambiguous and  the northern Great Plains, including southern Alberta and
geographically consistent result from this analysis. Soil ~ Saskatchewan. For broad areas within this area, several variables
temperatures increase between historical and the 2020-  indicate increasing moisture availability that are robust across
2050 timeframe, and continue to increase substantially by  climate models, including decreases in the proportion of warm
2070-2100, exemplifying the long-term divergence between  days with dry soil (Figure §1.9), decreases in overall days with
historical and future climate conditions. More than 90%  soils that are entirely or partially dry (FiguresS1.11, S1.12,
of the climate models concurred that air temperature and  respectively), and increases in days with entirely wet soil in the
annual soil temperature will rise across the entire dryland  winter (Figure S1.13)

domain and these increases are very consistent among soil Ecosystems historically dominated by big sagebrush
types. Nearly the entire domain displayed similar consistent — (Arfemisia tridentata) are a major component of the areas
projections for increasing summer soil temperature. Soil ~ Wwith projections for increasing moisture availability. In recent
temperatures are influenced by long-term effects of both air  Yyears, big sagebrush ecosystems have become an important
temperature and precipitation patterns, and these increases  focus for policy makers and natural resource managers because
underscore the magnitude of change in energy balance of the widespread changes in vegetation structure and plant
expected. Higher soil temperatures may influence ecosystem  species composition (Knick et al., 2011) that impact the value
carbon fluxes by promoting higher respiration rates that of these systems as crucial wildlife habitat (Connelly et al,
result in overall decreased ecosystem carbon stocks (Davidson — 2000; Crawford et al., 2004). Many of the moisture variables
and Janssens, 2006). This net release of carbon may alter — indicate increases in soil moisture availability in the future across
the global carbon cycle, potentially increasing atmospheric ~ areas with plant communities dominated by big sagebrush,
carbon dioxide concentrations and providing a positive implying that they may be able to persist under a changing
feedback to ongoing global warming (Bond-Lamberty et al,  climate if the plant communities can adapt their phenology in
2018). In addition, these rising temperatures highlight the  response to hotter, drier summer conditions accompanied by
growing risk for hot droughts in these already water limited  wetter, warmer spring and fall seasons (Palmquist et al., 2016a;
ecosystems (Overpeck, 2013). Renwick et al., 2017). In particular, within regions established to
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guide the management of the big sagebrush-dependent greater
sage grouse (Centrocercus urophasianus), the abundance of
aridic soil moisture regimes are expected to decline while the
abundance of xeric regimes increase. It is important to note
that the declining abundance of areas with aridic soil moisture
regime within the big sagebrush region is driven by a decline in
the proportion of warm soil days that also have dry soils (which
is the criteria used to determine if a site qualifies for the aridic
moisture regime designation). This metric of aridity may not
be an optimal measure of the severity of ecological drought, as
illustrated by the fact that most sites within the big sagebrush
region are also expected to display increases in the number of
hot days, and increases in the number of hot and dry days. In
addition, the projections for modest increases in soil moisture
in big sagebrush ecosystems by no means indicates that those
systems are not imperiled by global change; interactions among
wildfire and invasive annual grasses are major contributors
driving historical big sagebrush decline (West, 2000; Knick et al.,
2011; Balch et al., 2013), and loss of big sagebrush in response to
these fire-invasive dynamics may continue in spite of stable or
increasing moisture availability.

In contrast to the northwest and north-central regions, the
southeastern and south-central portion of our study region
displays uniform projections of declining moisture availability.
These areas include the central and southern Great Plains
and most of northern Arizona and New Mexico. Indicators of
declining soil moisture availability that are robust across climate
models for at least some of these areas include an increasing
proportion of warm days that have dry soil (Figure S1.9),
increasing dry soil days (FiguresS1.11, S1.12), decreasing
days with wet soil in the winter, and, for the central and
southern Great Plains, decreasing days with wet soil in the
summer (Figure S1.14). Previous studies have identified both the
southwest and the central/southern Great Plains as areas with
expected increases in aridity in the twenty-first century (Cayan
et al., 2010; Seager and Vecchi, 2010; Cook et al., 2015), and our
results about long-term declines in soil moisture underscore the
potential consequences of this high exposure to climate change
for resilience and resistance of these dryland ecosystems and the
services that they provide (Bradford et al., 2017).

In addition to these broad regional patterns, the differences
among soil types in soil moisture conditions, and future
trajectories, suggest that edaphic conditions may play an
increasingly important role in determining patterns of soil
moisture. In particular, the sandy loam soils supported more
favorable conditions for many of the soil moisture metrics,
including lower proportion of warm days with dry soils
(Figure $3.3b), more wet days in the winter (Figure $3.4b), and
less dry days in the summer (Figure $3.5b). Many of these soil-
driven differences are maintained or enhanced under future
climate conditions.

Implications for Assessing Resilience and

Resistance
The application of soil temperature and moisture regimes to
define categories of ecological resilience to disturbance and

resistance to invasive annual grasses has been most developed
for big sagebrush ecosystems (Chambers et al., 2014b,c, 2019a,b;
Williams and Friggens, 2017) where the framework has been used
to prioritize conservation investments and land management
strategies (Chambers et al., 2017a, 2019b; Crist et al., 2019). The
approach used to define the current resilience and resistance
categories involved identifying the dominant ecological types
that currently exist in the sagebrush biome, determining their
estimated soil temperature and moisture regimes based on
mapped products from the National Cooperative Soil Survey,
and then assigning resilience and resistance categories based on
the available literature and expert knowledge (Chambers et al,,
2014a, 2016, 2017b; Maestas et al., 2016). Our projections for the
future of those regimes indicate two important considerations
for long-term application of the framework using soil
temperature and moisture regimes as the indicator of resilience
and resistance.

First, the substantial increases in soil temperature, and the
resulting expectations for shifting soil temperature regimes,
imply geographic shifts in sagebrush ecological types and
in ecological resilience and resistance categories across the
landscape. Big sagebrush plant communities typically do not exist
in areas with thermic soil temperature regimes and our results
indicate that thermic soil temperature conditions will become
more prevalent in the future, including in some areas currently
occupied by big sagebrush. Because resilience to disturbance
is assumed to decline with each transition to a warmer soil
temperature regime (e.g., from cryic to frigid to mesic; Chambers
etal., 2014c, 2016; Maestas et al., 2016), these rising temperatures,
and associated shifts in soil temperature regimes in big sagebrush
ecosystems may have dramatic impacts on future resilience and
resistance of big sagebrush ecosystems. Specifically, changing
from mesic to thermic soil temperature conditions may represent
a shift from conditions that support big sagebrush plant
communities to conditions that would be expected to support
warmer and drier Cold Desert plant communities or even Mojave
Desert plant communities in some areas (Rehfeldt et al., 2012).
Also, these shifts may mean that these areas no longer have the
climatic potential to support the dominant non-native invader,
cheatgrass (B. tectorum), and that it may be replaced by red
brome (B. rubens) or other non-native invasive plant species
(Bradley et al., 2016).

Second, applying the expected shifts in soil temperature and
moisture conditions using the current framework will estimate an
increasing proportion of the big sagebrush region as intermediate
R&R categories (Appendix 2). Currently, high or moderately
high resilience or resistance in big sagebrush ecosystems is
primarily associated with cryic or frigid temperature regimes
(Chambers et al., 2014a,b, 2017b, 2019a), conditions projected to
decrease in the future. In contrast, aridic soil moisture conditions
are typically associated with low resilience and resistance in
big sagebrush ecosystems. In the future, fewer areas will satisfy
the criteria for aridic soil moisture regimes because aridic
conditions are defined by the proportion of warm soil days
that are also dry, and in most big sagebrush areas, warm days
are increasing faster than warm-dry days. Although more areas
would be classified as having moderate resilience and resistance
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based on this criterion alone, the effects of this change on
sagebrush ecosystems and their relative resilience and resistance
are difficult to predict. Focused monitoring and research in
sagebrush ecosystems can update understanding of relationships
among climate, soil and vegetation, responses to stressors
and disturbances, and vulnerability to climate and drought.
Identifying and formalizing metrics of environmental conditions
that represent ecologically meaningful variation can improve
estimates of ecological resilience and resistance. Ecologically
appropriate metrics can be based upon abiotic conditions like
climate and soils, as well as biotic conditions assessed using
monitoring data and emerging remote sensing technology (Jones
et al., 2018).

Our results about the future distribution and abundance
of areas categorized as having aridic soil moisture conditions
highlight a limitation in utilizing the soil temperature and
moisture regimes for assessing ecosystem resilience in the
context of long-term directional change in climate conditions. In
particular, relying on the proportion of warm days that also have
dry soils to determine if a site has an aridic soil moisture regime
suggests that the soil moisture regimes, as currently calculated,
may struggle to represent the drought consequences of increases
in both warm and dry days. As soil temperatures increase, the
total number of warm days increases substantially, whereas the
number of dry days often increases more slowly, reducing the
proportion of warm days with dry soils. As a consequence, broad
areas currently categorized as aridic soil moisture conditions will
shift to other categories, despite the fact that many of them
will have increases in the total number of days with dry soil
(Appendix 2).

An important additional limitation of utilizing the current
soil temperature and moisture regimes as indicators of ecological
resilience and resistance is that the thresholds used to distinguish
among the soil temperature and moisture regimes were
not selected to represent ecologically meaningful thresholds,
particularly for dryland environments. The regime definitions
have been used for many decades, and our understanding
of the environmental drivers of dryland vegetation dynamics
has progressed substantially during that time (Vicente-Serrano
et al., 2013). For big sagebrush ecosystems, which have been a
major focus of previous resilience and resistance categorization
frameworks, there are several recent studies identifying climatic
and drought conditions that are important in shaping these
systems (Coates et al., 2016; Palmquist et al., 2016b; Roundy et al.,
2018).

One limitation to using soil temperature and moisture regimes
as an indicator of resilience and resistance is that the regimes are
defined by long-term conditions during “normal” years. These
metrics can provide only limited insight into conditions during
extreme events which have recognized impacts on ecosystems
(Smith, 2011). Future refinements to R&R categories could
include metrics that relate directly to the estimated severity of
episodic, extreme drought, or drought and heat-wave conditions.
Extreme events influence a wide variety of ecological processes,
especially in dryland regions where precipitation and moisture
availability are both important and highly variable (Gutschick
Vincent and BassiriRad, 2003; Smith, 2011). For example, severe

drought events can cause dryland plant mortality and decrease
productivity in surviving individuals during subsequent years
(Bigler et al, 2007; Bradford and Bell, 2017). At the other
extreme, unusual wet conditions can interact with soil and
stand characteristics to contribute to dryland plant mortality
(Renne et al., 2019) as well as facilitate regeneration of
perennial plants (Shriver et al., 2018), a notoriously episodic
process (Schlaepfer et al., 2014; Petrie et al., 2016). Because
the frequency and severity of extreme events can influence
an ecosystem’s composition, structure and susceptibility to
biological invaders (Bradley et al., 2010; Reichstein et al., 2013;
Ummenhofer and Meehl, 2017), incorporating metrics that
represent ecologically relevant extreme drought conditions may
improve assessments of resistance to invasion. Recognizing
the role of extreme events may become even more crucial
as climate change continues in coming decades, because
the importance of extremes in shaping ecosystems may
increase as extreme events become more frequent and intense
(Stocker et al., 2013; Zhang et al., 2013).

Despite these limitations, soil temperature and moisture
regimes have provided a practical indicator for contemporary
assessment of resilience and resistance of North America’s
largest dryland ecosystem. The current R&R framework uses
the available soil temperature and moisture regimes to represent
geographic variability in environmental conditions and estimates
how those regimes influence resilience to transformation due
to wildfire, and invasive plant species. The differences that
we observed in patterns of R&R categories among soil types
suggest the existence of important, within-grid cell, soil-
mediated variation in ecological resilience. This fine-grained
variability may provide differential lagged responses to changing
climate and/or climate refugia that may be important to
resource managers. Our projections of future changes in
the temperature and moisture variables that define these
regimes indicate processes and areas with changes that are
consistent among climate models, and suggest a focus for
ecological monitoring that will increase our understanding of
the changes in the resilience of these ecosystems in the twenty-
first century.

These results suggest opportunities to enhance our
quantification of geographic gradients in ecologically-relevant
environmental conditions, currently represented by soil
temperature, and moisture regimes, to sustain their long-term
value as indicators of ecological resilience and risk-based
management. One potential enhancement would be to assess
the geographic distribution of temperature and moisture
regimes using continuous time series of soil temperature
and moisture data, either from a comprehensive network of
observations or from process-based models as done here.
These data, utilized in combination with existing soil survey
information and other field measurements, could provide a
useful tool for enhancing existing products produced by the
National Cooperative Soil Survey and ensuring consistency
across space and time. These data would allow managers
to better forecast soil temperature and moisture regimes at
regional scales with changing climate conditions. In addition,
as long-term climate trajectories unfold, the links between
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soil temperature and moisture conditions and ecological
resilience and resistance need to be regularly re-evaluated
to capture shifts in relationships between environmental
conditions and ecological dynamics. Future assessments
may include variables in addition to soil temperature and
moisture regime classes that may be useful for understanding
and representing important ecological thresholds in dryland
ecosystems (Roundy et al., 2018).
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Appendix 1 | Detailed results for key variables. Layout for each variable includes
maps under current conditions (top left), near-term and long-term under RCP 4.5
(top middle and top right, respectively) and RCP 8.5 (bottom middle and bottom
right, respectively). Future maps illustrate the median climate model for each time
period and RCP. Stippling in future maps indicates areas where >90% of climate
models agree in either the direction of change (continuous variables) or the
assignment of regime (soil temperature and moisture regimes). Horizonal boxplots
of each variable, and the change in each variable are depicted in the bottom left,
for current and future conditions. Boxplots of future conditions include the climate
model representing the 10%, median (50%) and 90% of all models examined for
each time period and RCP. Variables presented include.

Figure S1.1 | Mean annual temperature (MAT).
Figure S1.2 | Mean annual precipitation (MAP).

Figure S$1.3 | Ratio of mean annual precipitation to mean annual potential
evapotranspiration (VMAP/PET).

Figure S1.4 | Mean annual soil temperature at 50 cm depth (T50aNN)-
Figure $1.5 | Mean summer soil temperature at 50 cm depth (T50g ).
Figure $1.6 | Soil temperature regime.

Figure $1.7 | Mean annual days with soil temperature at 50cm > 5°C
(DAYSwaRm)-

Figure $1.8 | Mean annual days with all soil layers dry in the moisture control
section when soil temperature at 50cm > 5°C (DAYSyaRMDRY)-

Figure $1.9 | Mean annual proportion of days when soil temperature at 50 cm >
5°C with all soil layers dry in the moisture control section (DRYprop).

Figure $1.10 | Mean annual maximum consecutive days with wet soil when soil
temperature at 50cm > 8°C (CWETg).

Figure S1.11 | Mean annual number of days with all soil layers dry in the moisture
control section (DRYL| ).

Figure $1.12 | Mean annual number of days with any soil layer dry in the moisture
control section (DRY any)-

Figure $1.13 | Mean annual number of consecutive days with all soil layers wet in
the moisture control section during winter (CWETwNTER)-

Figure $1.14 | Mean annual number of consecutive days with all soil layers dry in
the moisture control section during summer (CDRYgymMER)-

Figure S1.15 | Soil moisture regime.

Appendix 2 | Results of regimes and resistance/resilience classification by
sage-grouse management zone.

Figure S2.1 | Sage-grouse management zones. Zone 1: Great Plains; Zone 2:
Wyoming Basins Zone 3: Southern Great Basin; Zone 4: Snake River Plain; Zone
5: Northern Great Basin; Zone 6: Columbia Basin; and Zone 7: Colorado Plateau.

Figure S2.2 | Projected proportions of each soil temperature regime for each
greater sage grouse management zone.

Figure S2.3 | Projected proportions of each soil moisture regime for each greater
sage grouse management zone.

Figure S2.4 | Lookup table for assigning resistance and resilience categories
based on soil temperature and moisture, synthesized from previous studies.

Figure S2.5 | Layout for resistance within MZs.
Figure S2.6 | Layout for resilience within MZs.

Appendix 3 | Soil-specific results of key variables, soil temperature and moisture
regimes, and resistance and resilience categories (for sage-grouse management
zones). Results for continuous soil temperature and moisture metrics include
current and future value for each variable under each soil type (“a” panels) and
differences between site-specific soils (presented as the primary result in the
manuscript) and each of the standard soil types. Results for categorical variables
include only current and future estimates of the categories under each soil type
and stippling indicates areas where >90% of climate models agree in the
category assignment.

Figure S3.1 | (a,b) Mean annual soil temperature at 50 cm depth (T50ANN)-
Figure S3.2 | Soil temperature regime.

Figure S3.3 | (a,b) Mean annual proportion of days when soil temperature at
50cm > 5°C with all soil layers dry in the moisture control section (DRYprop)-

Figure S3.4 | (a,b) Mean annual number of consecutive days with all soil layers
wet in the moisture control section during winter (CWETyyNTER)-

Figure S3.5 | (a,b) Mean annual number of consecutive days with all soil layers
dry in the moisture control section during summer (CDRYgymmEeR)-

Figure S3.6 | Soil moisture regime.

Figure S3.7 | Resistance class.

Figure S3.8 | Resilience class.

Appendix 4 | Other information.

Figure S4.1 | Site-specific soil texture and moisture control section depth.

Figure S4.2 | Projected change in warm & dry days vs. projected change in warm
days. Gray background points show all changes RCP 8.5, 2070-2100 vs.
present. Colored isolines illustrate the distribution of changes for RCP4.5
2020-2050 vs. present (blue) and 2070-2100 vs. present (purple), and RCP8.5
2020-2050 vs. present (orange), and 2070-2100 vs. present (red).

Appendix 5 | Description of SOILWAT2.
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