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ABSTRACT

Sagebrush steppe and lodgepole pine forests are two

of the most widespread vegetation types in the

western United States and they play crucial roles in

the hydrologic cycle of these water-limited regions.

We used a process-based ecosystem water model to

characterize the potential impact of climate change

and disturbance (wildfire and beetle mortality) on

water cycling in adjacent sagebrush and lodgepole

pine ecosystems. Despite similar climatic and topo-

graphic conditions between these ecosystems at the

sites examined, lodgepole pine, and sagebrush

exhibited consistent differences in water balance,

notably more evaporation and drier summer soils in

the sagebrush and greater transpiration and less

water yield in lodgepole pine. Canopy disturbances

(either fire or beetle) have dramatic impacts on

water balance and availability: reducing transpira-

tion while increasing evaporation and water yield.

Results suggest that climate change may reduce

snowpack, increase evaporation and transpiration,

and lengthen the duration of dry soil conditions in

the summer, but may have uncertain effects on

drainage. Changes in the distribution of sagebrush

and lodgepole pine ecosystems as a consequence of

climate change and/or altered disturbance regimes

will likely alter ecosystem water balance.

Key words: Artemisia tridentata; bark beetles; Pi-

nus contorta; plant–climate interactions; plant–soil

interactions; wildfire.

INTRODUCTION

Climatic conditions and disturbance regimes exert

dominant control over plant species distribution

and ecosystem function (Harrison and Prentice

2003; Bond and others 2005). In the western US,

both climate and disturbance are changing at

unprecedented rates (MacDonald 2010; Seager and

Vecchi 2010). There is strong evidence that reduced

water availability associated with rising tempera-

tures, increasing potential evapotranspiration, al-

tered precipitation patterns, and declining

snowpack are contributing to tree mortality and

with increased drought are anticipated to shape

plant communities over much of the western US in

the coming century (Adams and others 2009; Allen

and others 2010; Williams and others 2010;

Anderegg and others 2012; Williams and others
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2012). Further, wildfires and insect outbreaks are

increasing in frequency and severity (Westerling

and others 2006). For example, a recent mountain

pine beetle outbreak is decimating lodgepole pine

(Pinus contorta) stands throughout the western US

and Canada (Raffa and others 2008). Although the

independent effects of climate change and distur-

bance on ecosystem structure and function,

including stand water balance, have been recog-

nized and explored (for example, Cramer and

others 2001; Gordon and Famiglietti 2004; Porp-

orato and others 2004), relatively little is known

about how changing climate and altered distur-

bance regimes will interact to affect ecohydrologi-

cal and ecological processes that shape ecosystems

(Turnbull and others 2011; Sterling and others

2012).

Plant species and vegetation-type distributions

are expected to shift in response to altered climate

and disturbance (Lawler and others 2009), and

examination of boundaries between vegetation

types can provide insight into the rates and eco-

logical consequences of these shifts (Neilson 1993).

Vegetation-type boundaries have a long history of

ecological study (Yarrow and Marı́n 2007) but

there is a growing need for these studies in the

context of global environmental change (for

example, Beckage and others 2008). Key aspects of

boundaries are not well understood, including

controls over boundary location and potential

broad shifts in boundaries (Cadenasso and others

2003). In semiarid, water-limited ecosystems the

impact of boundaries on ecosystem structure and

function and resulting consequences for ecohy-

drological cycling remain uncertain. Controls over

boundary locations can be conceptualized hierar-

chically with broad environmental conditions, of-

ten climate, dictating the rough location of a

transition zone within which processes operating at

fine spatial scales, such as topography, soils, dis-

turbance history, or vegetation structure, will

determine the specific location and spatial pattern

of the boundary between ecosystems (Gosz 1993;

Strayer and others 2003; Yarrow and Salthe 2008;

Danz and others 2011).

Species distribution models suggest a potential

northward and upslope movement of sagebrush

(Artemisia tridentata) in response to climate change

(Schlaepfer and others 2012c). In addition, lodge-

pole pine forests are experiencing widespread and

severe tree mortality from mountain pine beetles

(Raffa and others 2008). The potential for sage-

brush to expand and advance, while lodgepole pine

retreats following beetle mortality, underscores a

potentially rapid and widespread ecological change

for the western US, and highlights knowledge gaps

regarding controls over lower tree line dynamics

(Ettinger and others 2011). Such a transition would

likely be influenced by existing vegetation, through

both structural impacts and competition, implying

a facilitative role for disturbance by enabling dis-

tributional shifts in ecosystems. Paleoecological

evidence suggests that boundaries between sage-

brush and lodgepole pine ecosystems have been

responsive to moisture, but that disturbance fre-

quency plays a dominant role in precipitating shifts

(Minckley and others 2011). These recent findings

emphasize the need to address potential interac-

tions between ecohydrology and disturbance when

considering dynamics between adjacent ecosys-

tems.

The importance of ecohydrology in arid and

semiarid ecosystems, and specifically the crucial

influence of soil water on plant establishment,

survival, and eventual ecosystem productivity and

species composition, suggests that examining cur-

rent and future patterns of water cycling is a useful

approach to understanding the causes and conse-

quences of ecosystem shifts. In this study, we

examine ecohydrological patterns between adja-

cent sagebrush steppe and lodgepole pine forests

(Figure 1), two of the most widespread vegetation

types in the western United States (Figure 1,

McArthur and Plummer 1978; West and Young

2000), each playing crucial roles in the hydrologic

cycle of this water-limited region (Troendle and

King 1985; Burton 1997; Seyfried and others 2005;

Wilcox and others 2012). Our overall goal is to

understand at fine spatial scales where the climatic

and topographic controls on ecohydrology are

constant and how disturbances and changing cli-

matic conditions may impact hydrologic cycling in

adjacent sagebrush and lodgepole pine stands. We

characterized the vegetation and soils in these

adjacent ecosystem types at the spatial scale of a

stand and used the results to address two ecohy-

drological objectives. First, we describe patterns of

soil water availability and ecosystem water balance

in both ecosystems, quantifying the potential role

that vegetation/soil structure plays in maintaining

or even stabilizing the boundary through an

influence on hydrologic cycling. We anticipate that

differences between the two species in the capacity

to acquire soil water (for example, sagebrush can

extract soil water at lower water potential than

lodgepole pine), combined with differences in

canopy structure and litter abundance, will result

in summer dry periods that are longer and more

severe in the sagebrush ecosystems. Second,

through modeling we characterize the potential
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impact of disturbance (insect outbreaks and/or

surface or canopy-replacing wildfires) and climate

change on water availability and balance, providing

insight into the potential for these processes to alter

the ecohydrologic differences that may sustain the

boundary and thus contribute to potential distri-

butional shifts. We anticipated that disturbances

impacting the forest litter layer (for example, sur-

face fire), will have the greatest positive impact on

water yield, whereas disturbances impacting only

the canopy (for example, insects) will result in the

highest soil water availability. Disturbances

impacting both litter and canopy (for example,

canopy replacing fires) will create the driest sum-

mer soil conditions, and thus the most challenging

conditions for successful lodgepole regeneration.

These results will provide insight into the potential

ecohydrological consequences of disturbances that

are currently unfolding across much of the western

US.

METHODS

Site Description and Field Measurements

We simulated water cycling and balance at three

sites in the Roosevelt National Forest in north-cen-

tral Colorado (41.027N; -106.123W) (Figure 2).

Each site represents a boundary between adjacent

sagebrush steppe and lodgepole pine ecosystems (for

example, Figure 1). The transition zone between

dominance of trees versus shrubs is less than 5 m

and we investigated both ecosystems for 50 m be-

yond the transition zone. Sites have similar mean

annual temperature (2.2–2.7 �C), mean annual

precipitation (440–470 mm), and elevation (2580–

2640 m). At each site, trees and shrubs were sam-

pled using the point-centered quarter method ap-

plied on two 100 m long transects oriented parallel

to the boundary, located 5 and 25 m into each

ecosystem-type (Mitchell 2001). Results were

summarized into estimates of tree and shrub stem

density, height, and standing aboveground biomass,

using allometric equations for big sagebrush (Cleary

and others 2008) and lodgepole pine (Pearson and

others 1984), mean diameter at breast height

(1.37 m) and stand basal area for the lodgepole pine

ecosystem, and mean crown volume and canopy

cover for the sagebrush ecosystem. Depending on

tree density, 50–80 trees per field site were cored and

annual rings counted, although not cross-dated, to

estimate age. Herbaceous forest floor material was

collected in 10, 0.25 m2 plots randomly located 25–

50 m from the boundary, oven-dried to constant

mass, and weighed to estimate biomass. Mineral soil

samples were collected from each site, in each eco-

system in three, 5 cm diameter cores to a depth of

60 cm, partitioned into three layers (5–15, 20–30,

Figure 2. Map of field sites (red stars) representing

adjacent sagebrush (green) and lodgepone pine (black)

ecosystems.

Figure 1. Adjacent sagebrush and lodgepole pine eco-

systems whose boundary is characterized by abrupt

changes in ecosystem composition and structure. Wide-

spread mortality, evident in this image, is common along

in the lodgepole-pine forest.
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50–60 cm), and analyzed for texture via the Bou-

youcos hydrometer method (Bouyoucos 1962).

Ecohydrological Modeling Framework

Model Structure

We characterized water availability and balance

using SOILWAT, a daily time step, multiple soil

layer, process-based, simulation model of ecosystem

water balance. SOILWAT was developed and tested

in the semiarid western US shortgrass steppe (Parton

1978; Sala and others 1992; Bradford and Lauenroth

2006; Lauenroth and Bradford 2006). SOILWAT has

recently been adapted for use in shrub-dominated

ecosystems by: (a) incorporating an improved snow

module from SWAT2K (Neitsch and others 2005),

which was calibrated using SNOTEL data for the

western US (Schlaepfer and others 2012b; (b)

including the process of hydraulic redistribution

(Ryel and others 2002); (c) modifying calculation of

precipitation interception (Appendix 1); and (d)

testing it against field measured data (Schlaepfer and

others 2012b). Building on these previous efforts,

this study is the first application of SOILWAT,

encompassing all previous enhancements to SOIL-

WAT, in a forested ecosystem. Simulating adjacent

forest and sagebrush ecosystems provides a useful

perspective for comparison and assessment of the

forest results. SOILWAT has been used in combi-

nation with species distribution models to assess

future distribution of sagebrush ecosystems (Sch-

laepfer and others 2012c). SOILWAT uses daily

weather forcing, mean monthly relative humidity,

wind speed, and cloud-cover data, monthly vege-

tation (live and dead biomass, litter, and active root

profile) and site-specific properties of each soil layer

to simulate the daily ecosystem water balance pro-

cesses. Canopy conditions (biomass and seasonality)

dictate potential transpiration rates and influence

evaporation rates from the understory. Fluxes rep-

resented in SOILWAT include interception by veg-

etation and litter, evaporation of intercepted water,

snow melt and loss (sublimation and wind redistri-

bution), infiltration into the soil profile, percolation

through the soil profile, bare-soil evaporation,

transpiration from each soil layer, and drainage

(Lauenroth and Bradford 2006; Schlaepfer and

others 2012c). Hydraulic redistribution, known to

occur in both sagebrush and pine species (Ryel and

others 2002; Warren and others 2007), as charac-

terized by Ryel and others (2002), is simulated in

SOILWAT (further details in Schlaepfer and others

2012c). Hydraulic redistribution is only simulated

for soil layers deeper than 5 cm (Wang 2011) and

has the overall effect of minimizing differences in

soil water content among soil layers. Outputs from

SOILWAT are daily, monthly, and annual values of

each water balance component (Parton 1978).

To represent forests, SOILWAT was modified to

include two modest changes in model structure and

appropriate parameter selection (Appendix 1). First,

canopy interception in forests is calculated from leaf

area index, rather than vegetation cover as utilized in

the grass and shrub parameterization. Second, po-

tential bare-soil evaporation is downregulated by the

sum of litter and live biomass in the forest version,

rather than by the sum of litter and total above-

ground biomass in the shrub and grass version.

Selection of the biomass level above which bare soil

evaporation is nonexistent (illustrated in Figure

A1.2) exerts important influence over soil evapora-

tion rate and the partitioning of evaporation and

transpiration. Numerous forest-specific parameters,

based on field measurements, are also new in these

simulations, including litter, aboveground plant bio-

mass, and the proportion of aboveground biomass

that is live, canopy height, LAI to % cover conversion

coefficient, albedo and partitioning of evapotranspi-

ration into bare-soil evaporation and transpiration

(Appendix 1). The minimum soil water potential at

which roots can extract water was set at -3.9 MPa for

sagebrush (Kolb and Sperry 1999a; Kolb and Sperry

1999b) and -2.0 MPa for lodgepole pine (Fetcher

1976). Although this parameter influences how dry

soils will become during the dry season, especially for

deeper layers, it has relatively little impact on total

annual water balance because the soil water available

for transpiration is minimal at soil water potential

lower than -2.0 MPa. Other modifications impact-

ing both the lodgepole pine and sagebrush vegetation

formulations include: (1) linear interpolation of

monthly inputs to estimate daily values for calcula-

tions, (2) estimation of evaporative demand, based

on PET, is now decreased for each canopy stratum by

the amount evaporated from all strata above, (3)

scaling transpiration estimates to the proportion of

canopy above the snowpack when snow is present.

SOILWAT estimates have been validated against field

measurements for both sagebrush (Appendix 3) and

forest (Appendix 4) ecosystems.

Scenarios and Analyses

We Addressed Two Main Objectives with These Modeling

Efforts

Objective 1 To characterize differences in ecosys-

tem water balance and soil water availability be-

tween the sagebrush and lodgepole ecosystems. To
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do this, we ran SOILWAT at each field site using 1/

8-degree gridded weather data from the years 1981

to 2010 (Maurer and others 2002), which we scaled

down to the site-level using 4-km gridded mean

monthly PRISM climate data (Daly and others

2002; http://www.prism.oregonstate.edu/), and

the National Climatic Data Center (2005) and soil

conditions based on field measurements (Appendix

2). At each site, identical weather inputs were used

for both the sagebrush and lodgepole pine simula-

tions, ensuring that differences in model output are

a consequence of either differences in soil condi-

tions or vegetation structure and function repre-

sented in the model. Daily SOILWAT output over

the 30-year period was averaged by day of year to

produce seasonal trajectories for: (a) canopy and

litter interception and subsequent evaporation, (b)

infiltration into the soil profile, (c) evaporation

from the soil, (d) soil water potential (in each of

three layers), (e) transpiration, and (f) drainage out

of the soil profile. In addition, total annual sums

were calculated and averaged over the 30-year

period for interception and subsequent evapora-

tion, infiltration, soil evaporation, transpiration,

and drainage. To characterize the relationship be-

tween daily transpiration and daily vapor pressure

deficit (VPD) we calculated VPD as the difference

between mean daily saturated vapor pressure (SVP)

and nighttime SVP, as described in Yoder and

others (2005).

Objective 2 To assess the impact of disturbance

and climate change on water balance and avail-

ability. To do this, we ran SOILWAT for each site

with individual and combined alterations to vege-

tation/soil structure and climatic conditions. For

the forest ecosystem, four types of disturbance were

simulated: (1) a moderate insect outbreak, imple-

mented as a 50% reduction in canopy biomass; (2)

a severe insect outbreak, implemented as complete

tree mortality; (3) a surface fire, implemented as

complete loss of the forest floor litter; and (4) a

canopy-replacing fire, implemented as both tree

mortality and forest floor loss. For the sagebrush

ecosystem, a single fire disturbance was examined,

implemented as complete shrub and grass mortality

and litter loss. Our simulations did not account for

effects of secondary succession, but rather describe

immediate responses to disturbances. Climate

change was incorporated by simulating anticipated

climatic conditions for the years 2070–2100

(90 years later than the ‘‘current’’ simulations used

for objective 1), for SRES emission scenario families

B1 and A2 (Nakicenovic and Swart 2000) obtained

from downscaled ensemble predictions (Maurer

and others 2007). Although both scenarios predict

consistently higher temperatures for these sites and

slightly higher precipitation, the magnitude and

seasonal patterns of changes differ between sce-

narios (Figure 3). Daily outputs were summarized

into mean seasonal patterns and annual sums as

described for objective 1.

RESULTS

Vegetation and Soil Conditions

Vegetation in the sagebrush ecosystem was domi-

nated by big sagebrush (A. tridentata ssp. vaseyana)

with 10,782 individuals ha-1 (SD among

sites = 6241). Average crown volume and height

were 0.05 m3 (SD = 0.04) and 42 cm (SD = 12),

respectively. Shrub canopy cover averaged 14%

(SD = 6.7) and aboveground biomass in the sage-

brush ecosystem was 2.4 Mg ha-1 (SD = 1.3).

Vegetation in the lodgepole ecosystem consisted

almost entirely of lodgepole pine (Pinus contorta),

with 1130 stems ha-1 (SD among sites = 641).

Average tree DBH and height were 16.9 cm (SD

among sites = 0.35) and 9.5 m (SD = 1.6). Stand

basal area was 32 m2 ha-1 (SD = 17) and above-

ground biomass was 113.4 Mg ha-1 (SD = 60.7).

Mean tree age was 105 years (SD of 39 years)

across the three field sites. Many of the trees at

these sites are dead or dying from a mountain pine

beetle (Dendroctonus ponderosae) outbreak that is

Figure 3. Climate averaged among the three field sites

from 1980 to 2010 (‘‘Recent’’; solid line) and for 2070–

2100 under the A2 SRES scenario (‘‘A2’’; dotted line) and

the B2 SRES scenario (‘‘B1’’; dashed line). Mean annual

precipitation (mm) and temperature (�C) for each sce-

nario are shown in upper right and left, respectively.
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common within lodgepole pine forests across the

western US (Raffa and others 2008). The percent-

age of trees displaying visible signs of mortality in

summer 2011 averaged 47% and ranged between

45 and 49%; additional mortality likely occurred

following these surveys.

Litter depth in the sagebrush ecosystem was

0.5 cm (SD = 0.3), compared to 2.9 cm (SD = 0.3)

in the lodgepole pine ecosystem. Similarly, sage-

brush litter mass averaged 4.8 Mg ha-1 (SD = 1.8),

compared to 19.3 Mg ha-1 (SD = 4.7) in lodgepole

pine. Mineral soils at all sites are sandy loams. Soil

texture differences are modest, with no consistent

differences or anticipated impacts on water avail-

ability or ecosystem water balance (Appendix 2).

Water Availability and Balance in
Adjacent Ecosystems (Objective 1)

Seasonal Water Cycling and Availability

Because climatic conditions were similar between

vegetation types, many seasonal patterns of water

cycling and availability were similar between the

sagebrush and lodgepole pine ecosystems. The

combination of melting snowpack and high-spring

precipitation generated clear spring peaks in water

infiltration into the soil and drainage in both eco-

systems (Figure 4). In addition, both ecosystems

displayed the highest soil water potential at all

depths during the spring, in contrast to summer,

when water potential is lowest. Also transpiration

and evaporation from canopy/litter in both eco-

systems were highest during summer, with inter-

ception losses continuing into the fall.

Consistent with our expectations about the eco-

hydrological role of vegetation and ecosystem

structure, our modeling results suggest three con-

sistent differences between sagebrush and lodge-

pole pine ecosystems. First, at these sites where

maximum temperature can be above 0�C for any

day of the year, lodgepole pine foliage above the

snowpack results in transpiration during the winter

(Figure 4), albeit at extremely low rates. Because

winter transpiration occurs under a relatively stable

snowpack that is not adding substantial water to

the soil profile, soil water is slowly depleted, and

soil water potential gradually declines, whereas soil

water potential in the sagebrush ecosystem remains
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high throughout the winter. Second, the sub-

stantial layer of litter on the forest floor in the

lodgepole pine ecosystem inhibits evaporation from

the soil; in combination with the tree foliage, the

litter layer greatly reduced soil evaporation. By

contrast, the much thinner litter layer and lower

foliage mass in the sagebrush ecosystem allowed

consistent soil evaporation during summer and fall.

Lastly, model results suggest that the period of dry

soils during summer and early fall was both longer

and more severe in the sagebrush ecosystem. Mean

seasonal soil water potential patterns suggest simi-

lar timing in fall soil water recharge between

sagebrush and lodgepole pine. However, the mod-

eled sagebrush soil dried out much earlier in the

summer, sagebrush soil water potential dropped

below -1 MPa at roughly day 170, compared to

day 200 in lodgepole pine. The notably lower

minimum summer soil water potential in sage-

brush compared to lodgepole pine emerges as a

consequence of sagebrush’s ability to extract and

transpire soil water at lower water potential than

lodgepole (Figure 5).

Annual Water Balance

When summed over the year, these modeled sea-

sonal patterns suggest interesting differences in

water balance between undisturbed sagebrush and

lodgepole pine under ambient conditions (Table 1).

Although annual canopy interception and subli-

mation were similar (60–66 and 117–121 mm y-1;

see Appendix 1 for description of interception

algorithms), litter interception in lodgepole pine

was four times higher than sagebrush (61 vs.

15 mm y-1). Consequently, more water enters the

soil profile in sagebrush ecosystems (255 vs.

199 mm y-1 in lodgepole pine) but the fate of

water after entering the soil profile was quite dif-

ferent between the ecosystems. Notably, soil

evaporation (not including litter) averaged

75 mm y-1 in sagebrush soils, compared to essen-

tially 0 mm y-1 in the lodgepole pine soils. Al-

though modeled transpiration was higher in

lodgepole pine (189 vs. 148 mm y-1 in sagebrush),

modeled drainage was lower in lodgepole pine (10

vs. 32 mm y-1 in sagebrush).

Disturbance and Climate Impacts
(Objective 2)

Disturbance Impacts

Our simulations suggest that disturbance can dra-

matically influence water cycling, and that the

impacts are dependent on disturbance type. Mod-

erate beetle mortality reduced canopy interception

from 66 to 52 mm y-1 and slightly increased litter

interception (7 mm y-1 higher) and infiltration

(17 mm y-1 higher; Table 1). Although transpira-

tion in the moderate beetle scenario decreased

transpiration by 17 mm y-1, drainage increased by

about 29 mm y-1 (Appendix 5), and soils were

substantially wetter than the undisturbed forest

scenario, although not as wet as the severe beetle

mortality scenario (Figure 5). By comparison,
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severe beetle mortality in the lodgepole pine forest

eliminated canopy interception, increased litter

interception slightly, and increased infiltration

(Table 1). However, transpiration was eliminated

and bare soil evaporation was still somewhat

inhibited (Appendix 5) by the intact litter layer,

resulting in consistently wet soils at all depths

(Figure 6) and a substantial increase in drainage

(from 10 to 214 mm y-1).

Surface fire scenarios eliminated the litter layer

and litter interception, which increased infiltration

(Table 1). Although modeled soil evaporation also

increased following litter removal (from 0 to

46 mm y-1), the increase was smaller than the

increase in infiltration (�60 mm y-1). As a conse-

quence of initially higher soil water, surface fire

increased transpiration slightly. Following surface

fire, elevated soil evaporation and sustained tran-

spiration rapidly depleted soil water, resulting in a

longer and more severe summer dry period, despite

greater infiltration (Figure 6).

The modeled ecohydrological consequences of

severe fire (removing both litter and live vegeta-

tion) were consistent between sagebrush and

lodgepole ecosystems because the only remaining

differences between the ecosystems were subtle

and inconsistent such as slight soil texture differ-

ences. Interception by dead standing boles would

likely cause differences, but was not represented in

these simulations. In both ecosystems, the severe

fire scenario eliminated interception and increased

infiltration as all precipitation entered the soil

Table 1. Average Water Balance (mm y-1) in Sagebrush and Lodgepole Pine Ecosystems

Climate scenario Sagebrush Lodgepole pine

Not disturbed Fire Not disturbed Moderate beetle Beetle Surface fire Canopy fire

Canopy interception

Amb 60 0 66 42 0 66 0

A2 71 0 82 52 0 82 0

B1 70 0 82 51 0 82 0

Litter interception

Amb 15 0 61 68 80 0 0

A2 19 0 77 86 100 0 0

B1 19 0 75 83 96 0 0

Sublimation

Amb 117 117 121 121 121 121 121

A2 74 74 76 76 76 76 76

B1 89 89 92 92 92 92 92

Infiltration

Amb 255 330 199 216 246 260 326

A2 279 369 208 229 267 284 367

B1 303 392 232 254 293 307 389

Soil evaporation

Amb 75 220 0 0 32 46 222

A2 105 265 0 0 42 51 267

B1 102 269 0 0 38 53 271

Transpiration

Amb 148 0 189 176 0 203 0

A2 136 0 199 191 0 224 0

B1 153 0 220 196 0 241 0

Drainage

Amb 32 110 10 39 214 11 104

A2 38 103 9 38 225 10 99

B1 47 123 12 57 254 13 117

T/AET

Amb 36% 0% 43% 43% 0% 46% 0%

A2 33% 0% 45% 47% 0% 51% 0%

B1 35% 0% 47% 46% 0% 51% 0%

T/AET is transpiration divided at actual evapotranspiration. Amb is observed climate for 1981–2010, A2 and B1 are SRES scenarios for 2070–2100. Beetle disturbance
simulates complete tree mortality; surface fire simulates removal of forest floor material; canopy fire in lodgepole and fire in sagebrush simulate complete mortality and litter
removal.
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Figure 6. Impact of climate change scenarios and disturbance treatments on mean seasonal patterns of soil water potential

at 3 depths (black, red and blue lines corresponding to left Y axis) and infiltration into the soil profile (light blue line

corresponding to right Y axis). Columns are climate scenarios and rows are disturbance treatments.
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profile (Table 1). Severe fire also eliminated tran-

spiration while dramatically increasing bare soil

evaporation to roughly 220 mm y-1 and drainage

to over 100 mm y-1. The elevated soil evaporation,

along with the lack of hydraulic redistribution of

water by roots, resulted in extremely dry surface

soils for a prolonged period during the summer and

consistently wet soils in the deep layer that was not

impacted by evaporation (Figure 6).

Climate Change Impacts

The altered temperature and precipitation patterns

of the A2 and B1 scenarios (Figure 3) impacted both

the seasonal timing of water fluxes as well as annual

water balance. Warmer temperatures resulted in less

precipitation occurring as snow as well as earlier

spring snowmelt, which created a smaller spring

peak in infiltration and drainage in both ecosystems

(Figure 6; Appendix 5). In addition, the increased

proportion of precipitation occurring as rain, in

combination with modest increases in overall pre-

cipitation, elevated overall interception (sum of

canopy and litter) by approximately 15 mm y-1 in

sagebrush and 30 mm y-1 in lodgepole pine (Ta-

ble 1). Despite higher interception, modeled water

infiltration into the soil increased in both climate

change scenarios because sublimation decreased

substantially. Soil evaporation increased by about

30 mm y-1 in the sagebrush ecosystem under both

scenarios, but remained negligible in the lodgepole

pine ecosystem.

The consequences of climate change for modeled

drainage and transpiration varied between climate

scenarios and ecosystems. Under the hotter and

slightly drier A2 scenario, transpiration decreased

around 12 mm y-1 in sagebrush whereas drainage

increased by about 6 mm y-1. In lodgepole pine

under the A2 scenario, transpiration increased by

roughly 10 mm y-1 while drainage remained un-

changed. Under the B1 scenario (not as warm as A2

but wetter than both A2 and ambient), sagebrush

transpiration increased slightly and drainage in-

creased by around 15 mm y-1, whereas in lodge-

pole pine, transpiration increased by approximately

30 mm y-1 and drainage increased only slightly.

Seasonal soil water dynamics responded to the

earlier snowmelt, longer warm season and higher

potential evapotranspiration rates that emerge

from the hotter temperatures in the climate change

scenarios. As a result, the summer periods of dry

soils in sagebrush and lodgepole ecosystems were

both longer and drier under the two climate change

scenarios (Figure 6). In addition, warmer temper-

atures under both scenarios caused periodic winter

snowmelt, providing water recharge to the soil

profile that largely offset the winter transpiration

losses in lodgepole pine and maintained higher soil

water potential throughout the winter in lodgepole

pine soils.

The combined impact of climate change and

disturbance on modeled water balance in these

ecosystems were generally additive. The notable

exception occurred as a consequence of disturbance

completely eliminating a water balance compo-

nent. For example, canopy fire eliminated tran-

spiration regardless of the climate scenario.

Because climate change and disturbance often im-

pact water balance in the same direction, many

water balance components, including the length

and severity of dry summer soils, infiltration, soil

evaporation, transpiration, and drainage, displayed

the largest change in both seasonal and annual

water balance (Figure 6; Table 1; Appendix 5),

when climate change and disturbance were com-

bined.

DISCUSSION

Complete ecohydrological datasets with long-term

measurements of all ecosystem water balance

components are scarce for any ecosystem, espe-

cially in western coniferous forests and shrublands

(Jackson and others 2009a). As a result, our

understanding of the relationships among vegeta-

tion, soils, climate, and water balance remains

limited, hampering efforts to assess the impact of

changing climate on water cycling, availability,

utilization, or overall yield (Wilcox 2010). Our

modeling approach directly addresses these chal-

lenging questions and is strengthened by compari-

sons with previous research.

We have previously shown that water cycling

and balance estimates from SOILWAT for sage-

brush ecosystems are consistent with results from

empirical and other modeling studies (Appendix 3;

see also appendices from Schlaepfer and others

2012c). However, the results presented here are the

first application of SOILWAT to a forested ecosys-

tem. Comparison of modeled water balance and

availability for lodgepole pine forests compare

favorably to field measurements of soil water and

transpiration from a lodgepole pine location near

our sites (Appendix 4). Our 30-year average tran-

spiration results suggest a strong summer peak of

roughly 1.5 mm day-1 followed by a relatively ra-

pid decline. Spittlehouse (2002) estimated that

daily transpiration in lodgepole pine forests ranged

between 0.5 and 1.5 mm day-1 before mid August

and between roughly 0.2 and 1.0 mm day-1 be-

tween mid August and October. In a mixed stand of
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lodgepole pine and subalpine fir, Pataki and others

(2000) estimated maximum daily transpiration at

3–3.5 mm day-1. Knight and others (1981) esti-

mated daily maximum transpiration for lodgepole

pine forests at a slightly higher elevation to be

3.3 mm. Our estimates of maximum daily transpi-

ration values were lower than either Pataki and

others (2000) or Knight and others (1981), perhaps

because of our plot locations near lower tree line,

where water availability is presumably more lim-

iting. Critically, SOILWAT characterization of the

relationship between transpiration and daily VPD

(Figure 5) are very similar to results presented in

Pataki and others (2000) for lodgepole and Naith-

ani and others (2012) for sagebrush, although

comparisons are complicated by the daily (includ-

ing nighttime) representation of VPD in SOILWAT.

Our estimates for overall water balance are also

consistent with previous work by Knight and oth-

ers (1985), who modeled water balance across a

range of lodgepole pine forests that are higher and

wetter than our sites. They estimated higher total

annual interception (240 mm vs. our estimate of

130 mm), transpiration (250 mm vs. our estimate

of 190 mm) and drainage (130 mm vs. our esti-

mate of 10 mm.) Based on data from the same sites,

Knight and others suggested that drainage is tightly

linked to snowmelt—as it is in our simulations.

Kaye and others (1999) estimated 28 to 67 mm y-1

of drainage from ponderosa pine forests in northern

Arizona that receive 577 mm y-1 of precipitation,

compared to our estimate of 10 mm from sites with

448 mm of annual precipitation. Although our

lower drainage estimates may be a result of the

drier conditions at our lower tree line sites com-

pared to Knight and others (1985) or Kaye and

others (1999), SOILWAT does not currently in-

clude preferential flow paths, which may result in

decreased infiltration to deep soil layers and po-

tential decreased drainage (van der Heijden and

others 2013). Kaufman (1985) estimated that an-

nual transpiration in high-elevation lodgepole pine

forests ranged from around 150 mm y-1 at

22 m2 ha-1 basal area to roughly 250 mm y-1 at

35 m2 ha-1 basal area. By comparison, our annual

transpiration estimates under ambient conditions

for undisturbed lodgepole pine were 189 mm y-1

with 32 m2 ha-1 of basal area.

Our results imply that the differences in species

composition and vegetation structure observed

between these adjacent ecosystems impact ecohy-

drological function and create predictable differ-

ences in water cycling between sagebrush and

lodgepole pine ecosystems despite the lack of dif-

ference in either climate or topographic influences

across ecosystems. Although patterns of canopy

interception show relatively small differences, the

substantial forest litter layer in lodgepole pine

minimizes soil evaporation and moderates soil

moisture levels during the summer. As a result,

lodgepole pine may lose slightly less water to

drainage than sagebrush, and somewhat more to

annual transpiration. Because drainage in both

sagebrush and lodgepole pine occurs almost

exclusively in spring as soil water is recharged by

snowmelt, the lower drainage from the lodgepole

pine ecosystem may be due in part to low, but non-

zero (average �0.1 mm day-1), winter transpira-

tion that decreases spring soil moisture content and

lowers the probability of soil saturation leading to

drainage. Transpiration while snowpack exists has

been observed in previous studies (Knight and

others 1985; Day and others 1989; Monson and

others 2005) and may be even more pronounced at

our sites as warmer winters may promote cold-

season transpiration. In our simulations, transpi-

ration as a percentage of actual evapotranspiration

averaged 46% in lodgepole pine (similar to the

42% observed by Viville and others 1993), com-

pared to only 36% in sagebrush.

Because soil texture is similar among our sites

(Appendix 2), these ecohydrological differences

were driven primarily by differences in litter and

vegetation. The minimal effect of soil differences is

apparent in comparisons of severe fire scenarios in

sagebrush versus lodgepole pine (Table 1; Figure 6;

Appendix 5). However, the role of structural dif-

ferences in reinforcing and/or maintaining the

abrupt boundary between lodgepole and sagebrush

that typifies the fine spatial scale characteristics of

this boundary remains unclear. On one hand, the

extremely dry sagebrush soils in summer—influ-

enced by both vegetation and litter structure as

well as the minimum water potential at which

sagebrush can extract water from the soil—(see

‘‘Methods’’ section) may inhibit successful lodge-

pole pine germination and establishment into the

sagebrush. Further, these modeled soil conditions

may drive a positive feedback to the boundary and

contribute to its abrupt nature. However, lodgepole

pine regeneration is most successful following

stand-replacing disturbances that remove the litter

layer and expose mineral soil (Lotan and Critch-

field 1990), and our simulations indicate that this

combination of disturbances results in forest soil

water availability patterns similar to the sagebrush

ecosystem. Although successful lodgepole pine

regeneration may maintain the boundary because

of differential snow capture or microclimatic con-

sequences of post-disturbance standing and
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downed woody material in the forest, neither

process is incorporated in our simulations. An

additional source of variation not explicitly repre-

sented in these simulations is partial tree mortality,

and resulting outcomes for stand-level tree age

structure, that often occurs in forest pest outbreaks

(Samman and Logan 2000; Logan and others

2003). Simulations of partial mortality (not shown)

displayed water balance patterns intermediate be-

tween the simulations of complete mortality and

intact stands, suggesting that initial ecohydrological

response to beetle-induced mortality will be simi-

larly bounded by the scenarios presented here and

may diverge into conditions not represented in

these simulations as stand age structure progresses

following the disturbance.

Snow interception and subsequent sublimation

in lodgepole pine canopies can reduce snow water

equivalent (SWE) by 20–25% compared to clearcut

areas, although standing dead trees, representative

of a recent insect outbreak, have more moderate

effects on SWE (Boon 2012), and canopy inter-

ception in sagebrush ecosystems is likely lower. In

addition, the lower snow interception rates in for-

ests experiencing insect mortality may be largely

offset by higher snow sublimation rates from the

snowpack, resulting in relatively little overall

change in spring water additions from snow as a

consequence of mortality (Biederman and others

2012). Thus, although our results may slightly

overestimate water delivered to the soil in lodge-

pole pine forests, with a resulting increase in our

estimates of lodgepole pine transpiration and/or

drainage, the magnitude of these overestimates are

likely small. Regardless of these uncertainties, our

results highlight the central role of winter precipi-

tation and snowpack for recharging soil water in

sagebrush and lodgepole pine ecosystems, which is

consistent with previous dendrochronological and

physiological studies showing a strong relationships

between tree growth and winter precipitation in

western forests (Fritts 1966; Stahle and others

2009; Kerhoulas and others 2013)

As anticipated, the ecohydrological differences

between sagebrush and lodgepole pine suggest that

shifts in the distribution of these ecosystems at

broad spatial scales would alter regional water

balance, independent of changes in climate itself.

In particular, the greater drainage in the sagebrush

ecosystem, which is consistent with observations of

ecohydrological impacts from woody plant

encroachment (Huxman and others 2005), under-

scores that widespread transition to sagebrush

could increase groundwater recharge and/or

streamflow. Our results suggest that disturbances

impacting vegetation or litter may have substantial

ecohydrological consequences. Consistent with

some previous work, these simulations suggest that

forest disturbance increases soil-water content (Zou

and others 2008; Dore and others 2012), decreases

evapotranspiration and increases water yield

(Adams and others 2011; Edburg and others 2012;

Mikkelson and others 2013).

The climatic changes captured in the A2 and B1

emission scenarios were sufficient to alter modeled

water balance for both ecosystems. The potential

impact of climate change-driven alterations to

water cycling and plant water availability is a

growing area of concern (Newman and others

2006), especially as evidence emerges that changes

in climate are already affecting the ecohydrology of

arid and semiarid ecosystems (Barnett and others

2008; Cayan and others 2010). Predictions of ear-

lier and less peaked seasonal timing of snowmelt

and infiltration, increased overall interception and

soil evaporation, higher transpiration in forests,

and drier summer soils are consistent across emis-

sion scenarios, and are consistent with other stud-

ies (Wetherald and Manabe 2002; Gerten and

others 2007; Molotch and others 2009; Schlaepfer

and others 2012a). Climate change consequences

for infiltration and drainage, as well as transpira-

tion in sagebrush, differ between A2 and B1 sce-

narios, and point to high uncertainty in estimates

of future water yield from semiarid ecosystems. In

fact, previous work indicates both increases,

(Wetherald and Manabe 2002) and decreases (Ca-

yan and others 2010).

Our simulations provide preliminary insights

into the potential combined consequences of both

disturbance and climate change, a topic of regional

importance (Wilcox 2010) but associated with very

limited observations. The combination of climate

change and disturbance had the largest impact on

water balance, suggesting that alterations to eco-

system structure resulting from these multi-factor

scenarios may cross thresholds in water availability

that more profoundly impact function than antici-

pated from single-factor scenarios. For example,

the longer and more severe dry summer soils in

lodgepole pine under climate change, especially

under the A2 scenario, created summer soil water

conditions more similar to sagebrush ecosystems,

highlighting a potentially important driver of fu-

ture transition from lodgepole pine to sagebrush

forecast by species distribution models (Schlaepfer

and others 2012c). In contrast, established indi-

viduals of sagebrush or lodgepole pine may be able

to enhance long-term productivity if they can

withstand longer, and more severe, summer
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drought conditions to capitalize on the longer

growing seasons and potentially more water avail-

able for transpiration, associated with future cli-

mate. In addition, nutrient losses following

disturbance will impact nutrient availability and

may exert important control over lodgepole pine

recovery from disturbances (Knight and others

1985).

The climate change treatments we examined

were structured to represent changes in mean

monthly climate, not increases in the magnitude of

weather variation or increases in the frequency of

extreme weather events that may accompany cli-

mate change (CCSP 2008). Although climate

change will presumably alter the location of con-

ditions that define the broad transition zone be-

tween lodgepole pine and sagebrush, ecosystem

structure legacies may inhibit boundary shifts in

the absence of disturbance, at least during the

lifetime of established trees. For example, the

combination of warmer temperatures and removal

of the litter and canopy resulted in extremely dry

summer soils (Figure 6). As disturbances and ex-

treme drought become more frequent (Westerling

and others 2006; Bigler and others 2007; Cayan

and others 2010; Williams and others 2012; An-

deregg and others 2013), the probability of tree or

shrub regeneration will increasingly determine the

distribution of these ecosystems (Jackson and oth-

ers 2009b).
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