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Abstract: Pinyon (Pinus spp.) and juniper (Juniperus spp.) woodland encroachment into sagebrush
(Artemisia spp.) steppe communities throughout western North America has substantially altered the
vegetation structure and hydrologic function of one of the most ecologically important rangeland
ecosystems in the world. Various pinyon and juniper tree removal practices are employed to
re-establish sagebrush steppe vegetation and an associated resource-conserving ecohydrologic
function. The effectiveness of these practices is highly variable owing to the vast domain in which
woodland encroachment occurs, climate fluctuations, differences in treatment applications,
and myriads of pre-treatment conditions and post-treatment land uses. This study evaluated the
long-term (13 years post-treatment) effectiveness of prescribed fire and mechanical tree removal to
re-establish sagebrush steppe vegetation and associated spatial patterns in ground surface conditions
and soil hydrologic properties of two woodland-encroached sites. Specifically, we assessed the effects
of tree removal on: (1) vegetation and ground cover at the hillslope scale (990 m2 plots) and (2)
associated spatial patterns in point-scale ground surface conditions and soil hydrologic properties
along transects extending from tree bases and into the intercanopy areas between trees. Both sites were
in mid to late stages of woodland encroachment with extensive bare conditions (~60–80% bare ground)
throughout a degraded intercanopy area (~75% of the domain) surrounding tree islands (~25% of
domain, subcanopy areas). All treatments effectively removed mature tree cover and increased
hillslope vegetation. Enhanced herbaceous cover (4–15-fold increases) in burned areas reduced
bare interspace (bare area between plants) by at least 4-fold and improved intercanopy hydraulic
conductivity (> than 2-fold) and overall ecohydrologic function. Mechanical treatments retained or
increased sagebrush and generally increased the intercanopy herbaceous vegetation. Intercanopy
ground surface conditions and soil hydrologic properties in mechanical treatments were generally
similar to those in burned areas but were also statistically similar to the same measures in untreated
areas in most cases. This suggests that vegetation and ground surface conditions in mechanical
treatments are trending toward a significantly improved hydrologic function over time. Treatments
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had limited impact on soil hydrologic properties within subcanopy areas; however, burning did
reduce the soil water repellency strength and the occurrence of strong soil water repellency underneath
trees by three- to four-fold. Overall, the treatments over a 13-year period enhanced the vegetation,
ground surface conditions, and soil hydrologic properties that promote infiltration and limit runoff

generation for intercanopy areas representing ~75% of the area at the sites. However, ecological
tradeoffs in treatment alternatives were evident. The variations in woodland responses across sites,
treatments, and measurement scales in this long-term study illustrate the complexity in predicting
vegetation and hydrologic responses to tree removal on woodland-encroached sagebrush sites and
underpin the need and value of multi-scale long-term studies.

Keywords: connectivity; fire; Great Basin; hydraulic conductivity; hydrologic recovery; infiltration;
islands of fertility; juniper; minidisk infiltrometer; pattern-process; pinyon; prescribed fire; rangeland;
restoration; runoff; sagebrush steppe; SageSTEP; soil water repellency; structure and function;
woodland encroachment; woody plant encroachment

1. Introduction

1.1. Woodland Encroachment into Sagebrush Steppe

The sagebrush (Artemisia spp.) steppe vegetation type represents one of the most extensive,
ecologically important, and imperiled rangeland ecosystems in the world [1–3]. Sagebrush shrublands
historically occupied more than 620,000 km2 throughout western North America and currently inhabit
less than 60% of that previous range [3,4]. Where intact, sagebrush shrublands provide critical plant and
wildlife habitats, cultural resources, forage for wild and domestic ungulates, recreation opportunities,
and the retention of water and soil resources [3]. The widespread encroachment of native pinyon
(Pinus spp.) and juniper (Juniperus spp.) conifers (woodland encroachment) at upper elevations
(moist and cool sites) have transitioned more than 170,000 km2 of sagebrush shrublands to wooded
shrublands and pinyon–juniper woodlands [5,6]. Pinyon and juniper encroachment on sagebrush
shrublands is attributed to multiple factors including intensive grazing, reduced fire frequencies,
climate variability, and atmospheric CO2 enrichment [5,7,8], which is consistent with the drivers of
woody plant encroachment on other water-limited lands around the world [9–11]. The conversion
of sagebrush steppe to a wooded shrubland or woodland commonly results in reduced understory
vegetation and forage [12–14], loss of critical wildlife habitats [15], and increased bare ground,
runoff, and soil erosion [16–21]. At warmer and drier elevations, the exotic annual cheatgrass
(Bromus tectorum L.) readily invades bare patches on degraded sites and homogenizes the spatial fuel
structure [4,22–25]. Cheatgrass is highly flammable, increases the frequency of wildfire, and readily
re-occupies and dominates burned sites [4,24–27]. The frequent re-burning of cheatgrass-invaded
sites thereby promotes a recurring grass–fire cycle that perpetuates cheatgrass dominance [23,25] and
potentially increases long-term soil loss associated with repeated burning [28–30]. Mid-elevation
warm and dry sagebrush sites are susceptible to woodland encroachment and subsequent invasion
by fire-prone cheatgrass, with cheatgrass commonly increasing over time with ensuing amplified fire
activity [8,31–34]. The risks of severe wildfire and post-fire cheatgrass dominance are particularly high
for mid-elevation woodlands with dense woody fuels and for wooded shrublands with well-connected
horizontal and vertical fuel layers [5,8,35].

1.2. Phases of Woodland Encroachment and Associated Effects

The impacts of woodland encroachment on ecological processes in sagebrush steppe vary
with the degree of tree dominance [14,36]. Woodland encroachment has been characterized into
three successive phases based on the dominant cover type and site resource use [6,12,37,38].
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In Phase 1, pinyon and juniper trees are present and increase in cover, but sagebrush shrubs, perennial
bunchgrasses, and forbs (sagebrush steppe vegetation) exert the dominant control on site resources
(e.g., soil water and nutrients). In Phase 2, pinyon and juniper trees influence resource availability
and site-level ecological processes through competition with other vegetation. Sagebrush shrubs
and understory vegetation decline in Phase 2 due to the limited soil and water resources. In Phase
3, trees are the dominant overstory vegetation and exert the primary control on site-level ecological
processes. Phase 3 typically includes extensive well-connected bare ground in the intercanopy area
between trees, limited perennial bunchgrass cover, and a more than 75% mortality of the shrub
layer (Figure 1a). Intact sagebrush steppe commonly consists of well-distributed litter-covered
sagebrush shrub microsites surrounded by an interspace area with varying amounts of perennial
bunchgrasses, annual and perennial forbs, and isolated bare soil patches [39–41]. Shrubs in this
vegetation structure utilize the deep soil water resources and compete with the herbaceous understory
for shallow soil water and nutrients [42,43]. Infiltration rates are typically higher on litter-covered
shrub microsites and in the well-vegetated interspaces between shrubs and are commonly low for
isolated bare interspaces [40,44–50]. Runoff and sediment detachment by raindrops and shallow
overland flow (splash-sheet erosion) occur in bare patches on sagebrush shrublands, but the overall
resource-conserving vegetated structure limits downslope losses of water and sediment [40,48–52].
With woodland encroachment, trees outcompete shrub and herbaceous cover for water and soil
nutrients throughout the soil profile [36,53], and, over time, the bare area increases. By late Phase 2,
bare patches are well-connected throughout intercanopy areas and concentrated overland flow becomes
the dominate runoff and erosion process [16,18–20]. Vegetation degradation, amplified bare ground,
and accelerated runoff and soil erosion rates, with further transition to late Phase 3, can potentially
push a site beyond an irreversible site conservation/restoration threshold through the loss of critical
surface soil and near complete removal of sagebrush and bunchgrass cover [19,54,55].

1.3. Tree Removal Practices to Conserve Sagebrush Steppe

Various methods of tree removal are commonly implemented to re-establish the sagebrush
steppe vegetation structure on woodland-encroached sites [13,14,34,56–61]. The effectiveness of tree
removal practices varies widely with site attributes (e.g., soil properties, climate), pre-treatment
conditions (e.g., the encroachment phase, cheatgrass presence), treatment type and application, pre- and
post-treatment weather trends, and post-treatment land use [13,31,33,58–60,62–65]. Conceptual models
based on recent longer-term data suggest a greater likelihood of re-establishing sagebrush steppe
vegetation and associated ecological function where tree removal is applied in the early phases of
tree encroachment at higher elevation, cooler and wetter sites [6,14,31–33,57,66]. Cooler and wetter
soil temperature–moisture regimes at higher elevations are more resistant to cheatgrass invasion and
favor an enhanced production of desired perennial bunchgrasses [13,31,33,63,66–68]. Sites treated
early (Phase 1 to early Phase 2) in the woodland encroachment gradient typically have more residual
sagebrush and perennial bunchgrasses and an intact seed bank, increasing the likelihood of an enhanced
production and recruitment of desired vegetation [14,57,59,62,64]. Phase 3 sites with limited sagebrush
and perennial bunchgrass cover and ample bare ground are highly susceptible to cheatgrass invasion
after tree removal, particularly at warmer and drier locations [62,63,69]. The re-establishment of
sagebrush and perennial bunchgrass cover after tree removal in Phase 3 at higher elevations is often
prolonged due to the limited residual cover of these plants, and competition with re-establishing tree
cover may hinder long-term results [58,60]. Some of the variability in treatment effectiveness is related
to the soil depth. The competition between woody and herbaceous plants is potentially greater on
sites with shallow soils, and tree removal on these sites may elicit a rapid response in understory
vegetation [12]. The type and timing of treatment can greatly influence tree removal effectiveness.
Mechanical treatments (e.g., cutting, mastication, and chaining) effectively remove mature trees and can
facilitate increases in the cover of sagebrush and perennial bunchgrasses [13,14,57,58,61,64]. However,
these treatments commonly leave numerous tree seedlings that dominate the respective site over



Water 2020, 12, 2213 4 of 35

time [58,70,71]. Prescribed fire treatments are often more effective at removing mature and young trees
but also kill sagebrush [13,14,31,62,71]. Sagebrush does not re-sprout following wildfire and takes two
to four decades or more to re-establish from neighboring seed sources [72,73]. High fire temperatures
can kill perennial bunchgrasses and thereby favor cheatgrass invasion post-treatment [62,74]. In general,
cheatgrass increasing following tree removal is more common and greater with the fire, as opposed
to mechanical treatments [13,14,31,34,61]. However, ample cheatgrass after mechanical treatments
has also been reported [14,57,64,70]. Burning during the winter season or on snow cover can protect
perennial bunchgrasses, but can also be challenging to implement [75,76]. Seeding is commonly
incorporated into treatment plans to re-establish desired species, but its success also varies with
weather conditions in the year following treatment [57,63,68,69,77].

Water 2020, 12, x FOR PEER REVIEW 4 of 37 

 
 

may elicit a rapid response in understory vegetation [12]. The type and timing of treatment can 
greatly influence tree removal effectiveness. Mechanical treatments (e.g., cutting, mastication, and 
chaining) effectively remove mature trees and can facilitate increases in the cover of sagebrush and 
perennial bunchgrasses [13,14,57,58,61,64]. However, these treatments commonly leave numerous 
tree seedlings that dominate the respective site over time [58,70,71]. Prescribed fire treatments are 
often more effective at removing mature and young trees but also kill sagebrush [13,14,31,62,71]. 
Sagebrush does not re-sprout following wildfire and takes two to four decades or more to re-establish 
from neighboring seed sources [72,73]. High fire temperatures can kill perennial bunchgrasses and 
thereby favor cheatgrass invasion post-treatment [62,74]. In general, cheatgrass increasing following 
tree removal is more common and greater with the fire, as opposed to mechanical treatments 
[13,14,31,34,61]. However, ample cheatgrass after mechanical treatments has also been reported 
[14,57,64,70]. Burning during the winter season or on snow cover can protect perennial bunchgrasses, 
but can also be challenging to implement [75,76]. Seeding is commonly incorporated into treatment 
plans to re-establish desired species, but its success also varies with weather conditions in the year 
following treatment [57,63,68,69,77].  

 

 
Figure 1. Photographs of the Onaqui site in this study showing: (a) the common woodland vegetation 
structure on sagebrush (Artemisia spp.) shrublands in the later stages of woodland encroachment, 
with isolated tree islands and an extensive sparsely-vegetated intercanopy between trees; (b) the 
typical litter-covered ground surface within the subcanopy underneath trees (subcanopy patch); and 
(c) shrub, (d) vegetated interspace (≥30% herbaceous cover), and (e) bare interspace (<30% herbaceous 
cover) microsites typical of areas within the intercanopy patches between trees. Photographs (b–e) 
are of rainfall simulation plots used in previous studies at the Onaqui site [18]. 

  

Figure 1. Photographs of the Onaqui site in this study showing: (a) the common woodland vegetation
structure on sagebrush (Artemisia spp.) shrublands in the later stages of woodland encroachment, with
isolated tree islands and an extensive sparsely-vegetated intercanopy between trees; (b) the typical
litter-covered ground surface within the subcanopy underneath trees (subcanopy patch); and (c) shrub,
(d) vegetated interspace (≥30% herbaceous cover), and (e) bare interspace (<30% herbaceous cover)
microsites typical of areas within the intercanopy patches between trees. Photographs (b–e) are of
rainfall simulation plots used in previous studies at the Onaqui site [18].

1.4. Knowledge on the Ecohydrologic Impacts of Woodland Encroachment and Tree Removal

Current knowledge regarding the impacts of woodland encroachment and tree removal on
hillslope hydrology and erosion for sagebrush steppe sites is based on point-scale infiltrometer and
plot scale (0.5 m2 to more than 10 m2) rainfall simulation, overland flow, and natural runoff field
experiments [65]. Woodland encroachment primarily affects hillslope runoff and erosion processes by
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restructuring the continuity of microsites and associated surface and subsurface conditions that control
the spatial patterns in infiltration, runoff generation, and erosion [18–20,78]. By mid- to late-Phase
2, the intercanopy area is primarily bare interspace (Figure 1a,e) with a low infiltration and high
splash-sheet erosion rates [16–19]. Runoff sources from spatially connected bare interspaces combine
to form concentrated overland flow [16,18–20,34,78]. This concentrated runoff has a high sediment
detachment and transport capacity and efficiently moves splash-sheet and flow-detached sediment
downslope through bare intercanopy patches [18–20,78,79], contributing to high hillslope erosion
rates during rain events [21]. Runoff and erosion rates are generally low from areas underneath trees
and shrubs and in vegetated interspaces (Figure 1b–d, respectively) [18,19,34,61,78,80]. Therefore,
the degree to which woodland encroachment affects runoff and erosion rates depends on its influence on
the spatial connectivity of bare interspace and bare intercanopy area [16,19–21,34,65,81]. Tree removal
treatments commonly aim to increase intercanopy shrub and vegetated interspace microsites and to
reduce bare interspace area below 50–60% [19,78,81]. Where successful, such treatments disrupt the
spatial connectivity of runoff and sediment sources from bare interspaces and reduce the delivery of
downslope sediment through the intercanopy [16,19–21,34,81,82].

Field studies have reported varied effects of tree removal methods on surface hydrology and
erosion processes. Short-term studies have demonstrated tree removal by fire can temporarily
increase runoff and soil loss from tree microsites through fire removal of litter above naturally
occurring water repellent soils [19,20,78,80,81,83]. In unburned conditions, the first order effect of
live tree cover on buffering runoff is the interception of rainfall by the tree canopy [65,84]. Beneath
live pinyon and juniper canopies, thick litter layers capture and store effective rainfall and runon,
delay runoff generation, and allow time for infiltration through the water repellent layer by by-pass and
macropore flow [18,19,78,80]. A number of infiltrometer studies on pinyon and juniper woodlands have
emphasized the effectiveness of macropores to transfer water through the water repellent layer deeper
into the soil profile [85–87]. These studies postulate that preferential routing of water along tree stems
and fine root hairs through the water repellent layer provides trees with sustained water availability
and buffers surface evaporative losses. Fire removal of the protective litter layer above repellent soils
reduces surface water retention, increases runoff, and greatly amplifies the detachment and transport
of readily available sediment [19,20,34,81,83]. Fire, therefore, temporarily homogenizes hydrologic
and erosion vulnerability across bare tree canopy areas and the bare intercanopy [19,28,30]. Over time,
fire treatments that effectively recruit and re-establish sagebrush steppe vegetation structure disrupt the
spatial connectivity of runoff and erosion processes and limit losses of water and soil resources [81,82].
In contrast to fire treatments, mechanical tree removal generally retains surface cover of hydrologically
stable tree and shrub microsites and has varying effects on interspaces. The short-term effectiveness
of mechanical treatments depends strongly on the degree to which treatment distributes tree debris
into the intercanopy and disrupts the spatial continuity of bare interspace microsites [61,78,83,88].
Longer-term studies (5–13 years) of mechanical treatments have reported mixed impacts, including
limited to no reductions in runoff and erosion rates [61] to substantial improvements in hydrologic
function and reduced sediment yield [16,21].

1.5. Knowledge Gaps and Research Need

Researchers and practitioners have made great advances in the understanding of woodland
encroachment and the ecohydrologic impacts of tree removal. Knowledge gaps remain, however, due in
part to the vast domain in which pinyon and juniper encroachment occurs [5,6,65]. Many new conceptual
models are available to forecast ecological trajectories and predict treatment outcomes, but the variability
in treatment effects across the extensive literature is not trivial [6,31,66]. The ecological forecasting
of woodland encroachment trajectories and tree removal outcomes at warm and dry mid-elevations
is particularly challenging. Further, much of what is known regarding the effects of tree removal is
based on short-term studies (0–5 years post-treatment) and longer-term follow up experiments in
some cases have found substantial temporal variability in post-treatment trends [58]. Hydrology and
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erosion experiments in sagebrush steppe and woodlands are challenging given the numerous controls
on hillslope hydrologic function (e.g., vegetation, ground cover, soils, and topographic attributes),
the scale-dependence and within-event dynamic connectivity of processes, and the need to understand
how processes change over time with plant community transitions [40,41,65]. For example, natural or
simulated rainfall experiments provide insight and quantitative data on infiltration and rainfall–runoff

relationships at the scale of measurement, but typically do not explicitly separate above ground,
near surface, and below ground effects on infiltration and runoff generation. The enhancement of
current conceptual and quantitative models of woodland encroachment and the ecohydrologic impacts
of tree removal requires additional data sources across wide ranging conditions. In short, the impacts
of woodland encroachment and tree removal treatment effectiveness are highly variable and more
information is needed across varying site conditions and treatment applications to build both short-
and long-term science-based knowledge and improve predictive technologies [6,31,58,65,70].

The goal of this study was to evaluate the long-term effectiveness of pinyon and juniper tree
removal practices to re-establish sagebrush steppe vegetation and the associated spatial patterns in
ground surface conditions and soil hydrologic properties at two mid-elevation woodland-encroached
sagebrush rangelands. The woodlands in this study were the subject of previous experiments
by the authors evaluating the ecohydrologic impacts of woodland encroachment on sagebrush
rangelands [18] and the short-term (1 to 2 years post-treatment) [20,80,83] and mid-term (9 years
post-treatment) [34,61,81,82] impacts of tree removal on the plant community dynamics and vegetation,
ground cover, hydrology, and erosion processes over fine (0.5 m2) to coarse (~9–13 m2) spatial scales.
The current study expands on findings from these earlier experiments through the quantification of
longer-term vegetation, ground cover, and soil hydrologic responses to prescribed fire and mechanical
tree removal practices. Both woodlands historically were vegetated with a sagebrush-steppe cover
type and received prescribed fire and mechanical (mastication and/or cutting) tree removal treatments
in 2006. The specific objectives of this study were to quantify the long-term (13 years) effects of tree
removal treatments on: (1) the vegetation and ground cover conditions at the hillslope-scale (990 m2

plots) and (2) associated spatial patterns in point-scale ground surface and subsurface conditions (litter
accumulation, ground cover, and soil total organic carbon) and specific soil hydrologic properties
(soil water repellency, unsaturated hydraulic conductivity) driven by tree canopy, shrub canopy,
and interspace microsite distributions. This research is part of a larger regional study, the Sagebrush
Steppe Treatment Evaluation Project (SageSTEP), investigating the ecological impacts of invasive
species and woodland encroachment into sagebrush steppe ecosystems and the effects of various
sagebrush steppe restoration practices [89,90].

2. Study Area

2.1. Site Descriptions

This study was conducted at two woodland sites in the SageSTEP experimental network (www.
sagestep.org) within the Great Basin Region of the United States (Table 1). The Marking Corral site
(Figure 2; 39◦27′17” N latitude, 115◦06′51” W longitude) is a single-leaf pinyon—Utah juniper woodland
(P. monophylla Torr. and Frém.—J. osteosperma (Torr.) Little.) in the Egan Range, about 27 km northwest
of Ely, Nevada, USA. The Onaqui site (Figure 3; 40◦12′42” N latitude, 112◦28′24” W longitude) is
a Utah juniper woodland within the Onaqui Mountains about 76 km southwest of Salt Lake City,
Utah, USA. Both sites are public lands under the management of the US Department of the Interior,
Bureau of Land Management (BLM). The sites were fenced in autumn 2005 to exclude grazing as
part of the greater SageSTEP study and remained cattle-free through this study. Both sites average
about 300 mm of precipitation annually. The estimated annual precipitation each year of the study
period (2006–2019) was near the long-term average, with only 2 to 3 years of more than 15% below
normal precipitation [91].

www.sagestep.org
www.sagestep.org
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The plant community structure at the sites prior to the tree removal in 2006 was typical of degraded
sagebrush steppe in the later stages of pinyon and juniper woodland encroachment (late Phase 2 to early
Phase 3, Figures 1a, 2a and 3a) [18]. The vegetation structure at both sites pre-treatment consisted of
isolated tree islands (~25% of area, ~480 trees per ha) surrounded by extensive bare (>60% bare soil and
rock) and degraded intercanopy (~75% of area (Figures 2a and 3a; Table 1)). The hillslope-scale cover
of sagebrush prior to the tree removal treatments averaged 12% at Marking Corral and <5% at Onaqui
(Figure 4a) [34,61], and both sites exhibited extensive shrub mortality (Table 1) [18]. The perennial
grass cover averaged <10% (Figure 4c) and the cheatgrass cover averaged <1% (Figure 4d) across the
sites pre-treatment [34,61]. The total canopy cover within intercanopy patches at Marking Corral prior
to tree removal was near 40% and consisted of 21% shrub cover and 13% herbaceous cover (grasses
and forbs). The total canopy cover in intercanopy patches at Onaqui pre-treatment averaged near 20%
and was primarily herbaceous vegetation (11% cover) with minor shrub cover (5%). The canopy cover
directly underneath trees (subcanopy) prior to the treatments averaged 8–13% across sites and was
mainly herbaceous vegetation [18]. The ground surface underneath trees was nearly 100% covered by
a ~5–9-cm deep layer of tree needles and debris. Soils underneath this thick litter layer were strongly
water repellent at the mineral soil surface and slightly water repellent to 1–5 cm of soil depth [18].
Soils throughout the intercanopy patches at both sites were wettable. The soil bulk densities at Marking
Corral averaged 1.35 g·cm−3 in interspaces between the shrubs and trees, 1.14 g·cm−3 under shrub
canopies, and 1.08 g·cm−3 underneath tree canopies [18]. The same measures at Onaqui averaged
1.07 g·cm−3 in interspaces, 1.02 g·cm−3 under shrubs, and 0.82 g·cm−3 under tree canopies [18]. At each
site, the tree cover, understory vegetation, ground cover, hillslope angle, and surface soil properties
were generally similar (p > 0.05) across all treatment areas prior to tree removal [18].
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Figure 4. Canopy cover of sagebrush (Artemisia spp.) shrubs (a), total herbaceous cover (all grasses and
forbs) (b), perennial grasses (c), and the invasive annual cheatgrass (Bromus tectorum L. (d)) measured
in burn (Burn), cut (Cut), and mastication (Mast; Onaqui site only) treatment areas at the Marking
Corral (MC) and Onaqui (ON) study sites immediately before the treatments (2006, Pre-Trmt) and
1 year (2007), 9 years (2015), and 13 years (2019) after the treatments (Post-Treatment).
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Table 1. Topography, climate, soil, and pre-treatment vegetation characteristics at the Marking Corral
and Onaqui study sites *.

Woodland Characteristics Marking Corral, Nevada, USA Onaqui, Utah, USA

Woodland community single-leaf pinyon †/Utah juniper ‡ Utah juniper ‡

Encroachment phase § Late Phase 2—Early Phase 3 Late Phase 2—Early Phase 3
Tree dominance index § 0.51 0.66

Elevation (m) and aspect 2250—W to SW facing 1720—N facing
Slope (%) 10–15 10–15

Mean ann. precipitation (mm) 306 ¶ 300 ¶

Mean ann. air temperature (◦C) 6.5 ¶ 8.9 ¶

Parent rock andesite and rhyolite ** sandstone and limestone ††

Soil association Segura-Upatad-Cropper ** Borvant ††

Depth to bedrock (m) 0.4–0.5 ** 1.0–1.5 ††

Depth to restrictive layer (m) 0.4–0.5 ** 0.3–0.5 ††

Soil surface texture sandy loam,
66% sand, 30% silt, 4% clay

sandy loam,
56% sand, 37% silt, 7% clay

Soil profile texture gravelly clay to clay loam ** gravelly loam ††

Tree canopy cover (%) ‡‡ 15 †, 10 ‡ 26 ‡

Trees per ha ‡‡ 329 †, 150 ‡ 476 ‡

Mean tree height (m) ‡‡ 2.3 †, 2.4 ‡ 2.4 ‡

Juvenile trees per ha §§ 296 †, 139 ‡ 154 ‡

Live shrubs per ha 12,065 4914
Dead shrubs per ha 2065 957

Intercanopy shrub canopy cover (%) 21 5
Intercanopy herbaceous canopy cover (%) ¶¶ 13 11

Intercanopy bare soil and rock (%) 64 79

Common understory plants
Artemisia tridentata Nutt. ssp. wyomingensis Beetle & Young; Artemisia nova A.
Nelson; Artemisia tridentata Nutt. ssp. vaseyana (Rydb.) Bettle; Purshia spp.;
Poa secunda J. Presl; Pseudoroegneria spicata (Pursh) A. Löve; and various forbs

* Data from Pierson et al. [18] unless otherwise indicated by the footnote. † Pinus monophylla Torr. and Frém.
‡ Juniperus osteosperma (Torr.) Little. § See Miller et al. [6] for descriptions of woodland encroachment phases (1–3)
and the tree dominance index (TDI, 0 to 1), TDI = tree cover/(tree + shrub + tall perennial grass cover). ¶ Estimated
from the 4 km grid for the years 1971–2018 from Prism Climate Group [91]. ** Natural Resources Conservation
Service (NRCS) [92]. †† NRCS [93]. ‡‡ Live trees ≥ 1 m height. §§ Live trees < 1.0 m height. ¶¶ Intercanopy grass and
forb canopy cover.

2.2. Tree Removal Treatments

Tree removal treatments were applied by the BLM in late-summer and early autumn of 2006 as
described by Pierson et al. [83]. The resulting control, burn, and cut areas were 1.3 ha, 2.7 ha, and 2.2 ha,
respectively, at Marking Corral. The control, burn, cut, and mastication treatment areas at Onaqui
were 1.0 ha, 2.0 ha, 2.4 ha and 1.6 ha, respectively. The prescribed fires were effective at removing
live mature trees and reduced the density of juvenile trees and live shrubs by 80% each at Marking
Corral and by 65% and 70% at Onaqui (Figure 5) [83]. The burn severity was not directly measured
after the fires, but the presence of residual live and scorched tree needles, shrub skeletons, blackened
litter, and woody debris immediately post-fire at both sites is indicative of low to moderate burn
severities. Bare ground (bare soil and rock cover) across both sites was near 70% 1 year after the fires
(Tables 2 and 3) [83]. Burning had no effect on soil water repellency as measured 1 year post-fire [80].
Tree cutting by chainsaw removed all trees ≥1 m height in cut treatments at both sites. The cut trees
were allowed to fall naturally and remain in-place (cut-and-drop treatment). The cutting treatment left
a residual of 56 and 167 juvenile (<1 m height) trees per hectare in the cut treatment areas at Marking
Corral and Onaqui, respectively (Figure 5b) [83]. Tree cutting had a limited immediate impact on the
hillslope-scale understory vegetation at both sites and resulted in an immediate increase in the litter
ground cover at Onaqui solely (Table 3) [83]. A rubber-tired Tigercat M726E Mulcher [88] was used to
masticate (shred) trees at Onaqui. The mastication treatment uniformly removed all trees ≥ 1 m in
height, but left a density of 56 juvenile trees per hectare (Figure 5b) [83]. Trees were masticated in-place
and the shredded tree debris (mulch) was allowed to naturally fall to the ground surface. Tree mulch
contributed to a nearly two-fold initial increase in the hillslope-scale litter cover and a reduction in bare
ground (Table 3) [83]. Mulch primarily accumulated immediately adjacent to tree bases. The mulch
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depth averaged near 20 mm where it occurred in isolated areas within intercanopy patches and was
about 90 mm in areas previously covered by tree canopy [80]. Treatment areas were not seeded prior
to or after tree removal.
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Figure 5. Density of mature live trees (≥1 m height) (a), juvenile live trees (<1 m height) (b),
and live sagebrush (Artemisia spp.) shrubs (c) as measured in burn (Burn), cut (Cut), and mastication
(Mast; Onaqui site only) treatment areas at the Marking Corral (MC) and Onaqui (ON) study sites
immediately before the treatments (2006, Pre-Trmt) and 1 year (2007), 9 years (2015), and 13 years (2019)
after the treatments (Post-Treatment).
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Table 2. Understory canopy cover and ground cover characteristics measured on 30 m × 33 m site characterization plots in burn and cut treatment areas at the Marking
Corral site prior to tree removal (2006) and 1 year (2007), 9 years (2015), and 13 years (2019) after tree removal treatments. Means within a row followed by different
lowercase letters are significantly different (p < 0.05).

Marking Corral Pre-Burn
2006 *

Burn
2007 †

Burn
2015 ‡

Burn
2019

Pre-Cut
2006 §

Cut
2007 †

Cut
2015 ¶

Cut
2019

Canopy Cover
Total (%) 26.8 a 40.0 a 76.9 bc 93.2 c 32.4 a 67.9 b 73.1 b 82.8 bc
Shrub (%) 17.7 b 2.9 a 8.7 ab 11.0 ab 14.6 b 14.3 b 28.7 c 29.0 c
Grass (%) 4.8 a 10.0 ab 63.1 e 76.8 e 12.4 ab 21.4 bc 30.2 cd 40.1 d
Forb (%) 0.1 a 10.6 c 0.9 ab 1.3 ab 1.0 ab 3.7 b 1.4 ab 1.8 ab

Ground Cover
Total (%) ** 47.8 b 31.5 a 47.5 b 62.2 cd 51.5 bc 48.2 b 56.2 bcd 63.9 d
Basal plant (%) 0.3 a 0.1 a 7.1 b 6.6 b 0.3 a 0.3 a 8.2 b 8.1 b
Litter & woody dead (%) 47.4 bc 31.4 a 40.3 ab 55.7 c 51.1 bc 47.6 bc 47.9 bc 55.8 bc
Rock (%) †† 25.4 d 16.5 cd 12.8 bc 8.2 b 22.0 d 11.3 bc 1.3 a 6.1 ab
Bare ground (%) ‡‡ 52.2 c 68.5 d 52.5 c 37.8 ab 48.4 bc 51.8 c 43.8 abc 36.1 a

* Data from Pierson et al. [18], restricted to the plots in the area subsequently burned. † Data obtained from measurements by Pierson et al. [83]. ‡ Data obtained from measurements by
Williams et al. [34]. § Data from Pierson et al. [18], restricted to the plots in the area subsequently cut. ¶ Data obtained from measurements by Williams et al. [61]. ** Cryptogam, litter,
live and dead plant bases, and woody dead cover; excludes rock†† cover. †† Rock fragments > 5 mm in diameter. ‡‡ Bare soil and rock †† cover.
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Table 3. Understory canopy cover and ground cover characteristics measured on 30 m × 33 m site characterization plots in burn, cut, and mastication (Mast) treatment
areas at the Onaqui site prior to tree removal (2006) and 1 year (2007), 9 years (2015), and 13 years (2019) after tree removal treatments. The means within a row
followed by different lowercase letters are significantly different (p < 0.05).

Onaqui Pre-Burn
2006 *

Burn
2007 †

Burn
2015 ‡

Burn
2019

Pre-Cut
2006 §

Cut
2007 †

Cut
2015 ¶

Cut
2019

Pre-Mast
2006 **

Mast
2007 †

Mast
2015 ¶

Mast
2019

Canopy Cover
Total (%) 19.8 a 17.6 a 65.4 d 63.8 d 21.2 a 55.2 cd 59.9 d 57.2 d 30.8 ab 29.1 ab 53.9 cd 39.8 bc
Shrub (%) 0.9 ab 0.3 a 10.7 de 4.8 cd 3.4 bc 5.0 cd 16.9 e 16.6 e 6.1 cd 3.1 bc 9.9 de 10.8 de
Grass (%) 6.2 ab 3.4 a 39.7 de 40.4 e 7.3 ab 13.7 bc 27.1 cde 18.2 bc 11.0 ab 13.9 bc 38.5 de 23.8 cd
Forb (%) 3.3 ab 6.0 abc 14.3 d 8.1 bcd 3.2 ab 12.1 cd 7.4 bcd 6.1 abc 2.0 a 5.3 ab 4.0 ab 3.7 ab

Ground Cover
Total (%) †† 39.9 ab 32.5 a 48.8 bc 40.7 ab 32.6 a 48.6 bc 47.3 bc 40.3 ab 42.5 b 64.9 d 55.6 cd 43.0 b
Basal plant (%) 0.9 a 0.4 a 13.3 cd 4.9 b 0.6 a 0.2 a 9.5 c 4.3 b 0.7 a 0.1 a 16.1 d 3.9 b
Litter & woody dead (%) 34.4 abc 29.7 ab 34.7 abc 33.7 abc 27.3 a 43.6 c 37.2 abc 35.6 abc 38.6 bc 63.1 d 37.0 abc 39.1 bc
Rock (%) ‡‡ 29.0 cd 31.6 d 21.6 bc 29.2 cd 29.8 cd 22.3 bcd 17.0 ab 23.8 bcd 20.1 bc 11.2 a 14.4 ab 20.1 bc
Bare ground (%) §§ 60.1 cd 67.5 d 51.2 bc 59.3 cd 67.5 d 51.4 bc 52.7 bc 59.7 cd 57.5 c 35.1 a 44.4 ab 57.0 c

* Data from Pierson et al. [18], restricted to the plots in the area subsequently burned. † Data obtained from measurements by Pierson et al. [83]. ‡ Data obtained from measurements
by Williams et al. [34]. § Data from Pierson et al. [18], restricted to the plots in the area subsequently cut. ¶ Data obtained from measurements by Williams et al. [61]. ** Data from
Pierson et al. [18], restricted to the plots in the area subsequently masticated. †† Cryptogam, litter, live and dead plant bases, and woody dead cover; excludes rock‡‡ cover. ‡‡ Rock
fragments > 5 mm in diameter. §§ Bare soil and rock‡‡ cover.
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3. Materials and Methods

3.1. Experimental Design

Hillslope vegetation and ground cover in all treatment areas at each site were sampled on
30 m × 33 m site characterization plots installed by Pierson et al. [18] prior to treatments.
Pierson et al. [18] randomly located and established three site characterization plots in each treatment
area in 2006 for sampling pre- and post-tree removal. Each plot was sampled for tree cover, understory
vegetation, and ground cover prior to treatment (summer 2006) [18] and for the understory vegetation
and ground cover 1 year (summer 2007) and 9 years (summer 2015) after tree removal [20,34,61,81].
In summer 2019, this study re-sampled all of the previously established site characterization plots in
all the treatment areas at each site to quantify the hillslope-scale changes in vegetation and ground
cover 13 growing seasons after tree removal.

The long-term impacts of tree removal treatments on spatial patterns in point-scale ground surface
conditions and soil hydrologic properties were assessed along transects (tree transects) extending from
tree bases through the subcanopy, a transitional zone between the subcanopy and intercanopy, and into
the intercanopy (Figure 6) [86]. Four trees (2 single-leaf pinyon, 2 Utah juniper) were randomly located
and sampled in the control and all the tree removal treatment areas at Marking Corral in summer
2019. Likewise, five Utah juniper trees were randomly selected and sampled in the control and all
the treatment areas at Onaqui in summer 2019. Across the two sites, a total of 32 trees were sampled.
All of the tree transects at Marking Corral were sampled for litter depth, ground cover, volumetric
moisture content, soil total organic carbon (TOC), soil water repellency (SWR), unsaturated hydraulic
conductivity (K(h)), and a relative infiltration rate [94]. All of the tree transects at Onaqui were sampled
for litter depth, ground cover, soil moisture, TOC, and SWR. Three of the five trees selected for study
in each experimental area at that site were sampled for TOC, K(h), and relative infiltration. A more
intensive sampling of the TOC, K(h), and infiltration at Marking Corral was employed to equally sample
the multiple tree species present at that site. The total number of trees sampled was determined based
on site logistics and time required to conduct the required number of experimental measurements.

3.2. Hillslope-Scale Vegetation and Ground Cover

Hillslope-scale understory vegetation and ground cover were measured on each 990 m2 site
characterization plot using line-point intercept methods along five 30-m transects oriented perpendicular
to the hillslope contour and spaced 5–8 m apart [18]. The canopy (foliar) and ground cover on each
plot were recorded at 60 points spaced 50-cm apart along each of the five transects, for a total of
300 sample points per plot. The percentage cover for each of the cover types sampled was derived
for each plot as the frequency of the respective cover type hits divided by the total number of sample
points. The number of live trees >0.5-m in height was quantified for each plot and tree height and the
maximum and minimum crown diameters were measured for each counted tree. The crown radius
for each tree was derived as one-half of the average of the measured minimum and maximum crown
diameters. Individual tree crown area was calculated as equivalent to the area of a circle with the
respective crown radius. The total tree cover for each plot was quantified as the sum of the measured
tree cover values (crown areas) on the respective plot. The numbers of shrubs greater than 5-cm in
height and tree seedlings (≤0.5-m height) were recorded along three evenly spaced (6 m apart) belt
transects (2 m wide × 30 m long) within each plot. The shrub and tree seedling densities for each plot
were derived as the sums of the respective measures counted along each of the respective three belt
transects divided by the total belt transect area (180 m2).
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Figure 6. Photographs of the Onaqui study site showing the representative tree transects in the control
(a), burned (b), cut (c), and mastication (d) treatment areas. The photographs illustrate the typical
changes in vegetation and ground cover/surface conditions for each treatment, progressing from a
tree base through the subcanopy patch/zone (area underneath the existing or previously existing tree
canopy) and into and through the intercanopy patch consisting of a transition zone (area immediately
adjacent to canopy drip line) and the intercanopy zone (area immediately adjacent to the transition
zone and outside of the tree canopy).

3.3. Tree Transects—Ground Surface Conditions and Soil Hydrologic Properties

Tree transects at each site were oriented in a due east compass direction from the tree bases unless
obstructed by neighboring tree canopies or other natural obstacles (e.g., bedrock). Transects in the
control areas (Figure 6) at each site extended to the intercanopy mid-point between the nearest tree
neighbor along the due east compass direction. In cases of overlapping canopy areas or obstacles in
the eastward direction, the respective transect was oriented in a due west compass direction. In the
case of an obstacle or canopy overlap in both the east and west directions, a new tree was randomly
selected and the above transect establishment methods were repeated. East and west orientations
were selected to avoid contrasting micro-climates typical of north- and south-facing canopy aspects
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for pinyon and juniper conifers [95]. Transects in the treated areas were selected and designed to be
consistent with those in the control areas, but the total transect length in the treated areas in which the
subcanopy areas were indistinguishable was determined as the average of the transect lengths from
the respective site control transects. The average distances from a tree base to the subcanopy edge
across all the experimental areas ranged from 1.4 m to 2.0 m at Marking Corral and 1.4 m to 1.7 m
at Onaqui. The average total transect distances across all the experimental areas ranged 2.3–2.6 m at
Marking Corral and 3.4–3.7 m at Onaqui.

For each tree transect, the respective tree was assigned a number, the species was identified and
recorded, and, at points with intervals of 30 cm along the transect, the microsite was identified and the
litter depth, ground cover, SWR, and volumetric water content were quantified/recorded. The microsite
at each sample point along tree transects was classified as a tree, shrub, vegetated interspace (≥30%
herbaceous cover), or bare interspace (<30% herbaceous cover) (Figure 1b–e) based on a 900 cm2 area
centered on the respective sample point. The ground cover at each sample point was recorded as either
bare soil, basal plant, cryptogam, litter, woody dead, or rock cover. The depth of litter accumulated
above the mineral soil surface at each sample point was measured to the nearest 1 mm using a steel
ruler. After recording the microsite, ground cover, and litter measures, the SWR was assessed on
each sample point using the water drop penetration time (WDPT) test [96]. All the litter and duff

were carefully removed on each sample point, and three water drops, spaced approximately 3 cm
apart, were placed on the mineral soil surface. The time required for each water drop to fully infiltrate
was recorded, up to a maximum of 300 s, and the median WDPT for the three drops was used to
classify the SWR at the respective point. Soils were classified as wettable when the WDPT < 5 s,
slight water repellent when the WDPT ranged from 5 to 60 s, and strongly water repellent when the
WDPT > 60 s [97]. The volumetric water content for 0–5 cm soil depth was measured to the nearest
0.01 m3 m−3 at each sample point using a Stevens HydraProbe (Stevens Water Monitoring Systems,
Inc., Portland, OR, USA, www.stevenswater.com/products/hydraprobe/).

The SWR at 1–3 cm depths, TOC, infiltration, and unsaturated hydraulic conductivity (K(h))
were assessed at three sample locations (subcanopy, transition, and intercanopy zones) on all the tree
transects at Marking Corral and on a subset (3 per treatment) of tree transects at Onaqui. The sample
points for the subcanopy, transition, and intercanopy zone measures on each transect at both sites were
set at approximately 0.5, 1.3, and 2.3 times the subcanopy radius to normalize the sampling locations
across treatments and sites [86]. The mean subcanopy radius for the tree transects in the control areas
was used as an estimate of the subcanopy radius within treatments when the subcanopy edge was
not clearly discernable. SWR was assessed in each zone type using the WDPT test at 1 cm, 2 cm,
and 3 cm soil depths, consistent with the methods described for the SWR measures at the mineral
soil surface (0-cm soil depth). The TOC in each zone type was obtained from soil cores extracted by
hand auger to a depth of 15 cm. Soil cores were immediately sealed in air-tight bags and subsequently
transported to and processed in a laboratory using the dry combustion method (Motzz Laboratory, Inc.,
Phoenix, AZ, USA, www.motzzlaboratory.com). The K(h) and relative infiltration rate in each zone
type were determined by cumulative infiltration tests with a minidisk infiltrometer (MDI; METER
Group, Inc., Pullman, WA, USA, www.metergroup.com) at a suction head of −2 cm, consistent with
similar woodland studies [85,86,98]. The MDI sample locations were oriented immediately adjacent to
the SWR and TOC sample locations so as to avoid a wetted or disturbed surface. At each sample point,
the MDI was filled with water, placed on a thin pad (~2 mm thick) of 2-mm sieved soil collected adjacent
to the sampling point, and allowed to completely drain (up to maximum of 2 h). The incremental
infiltration during each test was recorded in mL·min−1 and the cumulative infiltration was recorded as
the total water infiltrated over the full length of the respective test. For each infiltration test, the K(h)
was derived from a set of equations established by Zhang [99]:

I = C1t0.5 + C2t (1)

K(h) = C2/A2 (2)

www.stevenswater.com/products/hydraprobe/
www.motzzlaboratory.com
www.metergroup.com
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where I is the cumulative infiltration, and constant A2 is a function of the van Genuchten retention
parameters [100], suction head, and the radius of the infiltrometer disk (2.25 cm). C1 and C2 were
determined via the differentiated linearization method [101]. The soil texture was obtained from
previous experiments at the sites [18]. A relative infiltration rate (mL·min−1) for each cumulative
infiltration test was derived as the cumulative infiltration (mL) measured over the first 1 min of the
respective test [94]. The relative infiltration is considered to be an indicator of soil water repellency
given the effects of soil water repellency on infiltration generally decline with prolonged water input
and wetting [46,94]. The averages for all measures along each tree transect were derived by the patch
type (subcanopy and intercanopy) and zone type (subcanopy, transition, and intercanopy) for each site
× treatment combination. The total numbers of tree transects sampled by site × treatment combinations
are shown in Table 4.

3.4. Statistical Analyses

SAS Software version 9.4 was used for statistical analyses [102]. The hillslope-scale vegetation
and ground cover data collected on the 990 m2 site characterization plots at Marking Corral were
analyzed using a repeated-measures mixed model with multiple treatment levels (pre-burn, year-1
burned, year-9 burned, year-13 burned, pre-cut, year-1 cut, year-9 cut, and year-13 cut) and sample
year (2006, 2007, 2015, and 2019) as the repeated measure. The site characterization data for the Onaqui
site were analyzed consistent with those at Marking Corral, but with the addition of the mastication
treatment levels (pre-mastication, year-1 mastication, year-9 mastication, and year-13 mastication).
The covariance structure in all the analyses of site characterization data was evaluated using fit
statistics suggested by Littell et al. [103] and the best fit model was applied. Site-specific analyses of
the tree transect data at the patch scale were conducted using a mixed model with multiple treatment
levels (control, burned, cut, and mastication (Onaqui only)) and two patch levels (subcanopy and
intercanopy). Site-specific analyses of the tree transect data across zone types were conducted using
a mixed model with multiple treatment levels (control, burned, cut, and mastication (Onaqui only))
and three zone levels (subcanopy, transition, and intercanopy). The zone level analyses found that,
with few exceptions, the means for the variables in transition zones were statistically similar with those
from intercanopy zones. Therefore, all the data spanning transition and intercanopy zones on a transect
were combined to represent the intercanopy patch scale for the respective transect. Only the total
transect and patch-scale analyses/results are reported. The plot location was considered a random effect,
and the site, treatment, patch type and zone type were considered fixed effects in all respective analyses.
Normality and homogeneity of variance were tested prior to ANOVA and deviances were addressed
through standard data transformations (e.g., arcsine-square root, logarithmic, square root) where
possible. Back transformed means are reported. Mean separation for normal data was determined
using the LSMEANS procedure and the Tukey–Kramer adjustment. Mean separation was determined
using the Kruskal Wallis method with the Dwass, Steel, Critchlow–Fligner (DSCF) post-hoc test in
cases in which normality was not achieved through data transformation. Simple linear and non-linear
regressions were applied to explore the explanatory relationships between variable pairs (e.g., the litter
depth and WDPT). All reported significant effects were tested at the p < 0.05 level.
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Table 4. The average microsite occurrence, ground cover, litter depth, and soil variables as measured on the tree transects in the control, burned, cut, and mastication
(Onaqui only) treatment areas at the Marking Corral and Onaqui study sites 13 years after treatment (2019). The means within a row for a given site (Marking Corral
or Onaqui) followed by different lowercase letters are significantly different (p < 0.05).

Transect Variable
Marking Corral Onaqui

Control Burn Cut Control Burn Cut Mastication

Microsite occurrence (%)
Tree 49.6 a 46.2 a 53.8 a 48.8 b 30.8 a 41.4 ab 38.4 ab
Shrub 10.4 a 0.0 a 13.5 a 4.0 a 1.5 a 6.3 a 10.3 a
Vegetated interspace 16.7 a 53.8 b 17.3 a 11.5 a 52.3 b 30.0 ab 26.8 ab
Bare interspace 23.3 b 0.0 a 15.4 b 35.7 b 15.4 a 22.3 ab 24.5 ab

Ground cover (%)
Total ground cover * 73.6 a 92.3 a 75.0 a 62.6 a 56.4 a 58.7 a 64.9 a
Plant basal cover 0.0 a 1.9 ab 13.5 b 2.0 a 9.2 a 0.0 a 3.3 a
Litter & woody dead 73.6 ab 90.4 b 61.5 a 58.4 a 40.6 a 58.7 a 60.1 a
Rock † 10.8 a 1.9 a 1.9 a 32.4 a 34.4 a 25.4 a 18.7 a
Bare ground ‡ 26.4 a 7.7 a 25.0 a 37.4 a 43.6 a 41.3 a 35.1 a

Litter depth (cm) 2.5 a 2.5 a 2.0 a 2.4 a 2.6 b 0.8 a 1.3 ab
Total soil organic carbon, 0–5 cm depth (%) 1.25 a 1.25 a 1.56 a 1.62 a 4.65 a 6.02 a 5.41 a
Soil hydrologic properties

WDPT 0-cm depth (s) § 71 b 18 a 22 ab 88 b 22 a 49 ab 48 ab
Wettable soil (%) ¶ 62.8 a 76.9 a 73.1 a 51.3 a 73.8 a 63.1 a 64.2 a
Slightly repellent (%) ¶ 7.8 a 17.3 a 19.2 a 15.3 a 20.0 a 15.9 a 18.4 a
Strongly repellent (%) ¶ 29.4 b 5.8 a 7.7 a 33.4 b 6.2 a 21.0 ab 17.4 ab
Hydraulic conductivity, K(h) (mm·h−1) ** 39 a 74 a 60 a 26 a 36 a 33 a 40 a
Relative infiltration (mL·min−1) **, †† 11 a 15 a 10 a 12 a 11 a 15 a 14 a

Number of transects 4 4 4 4 5 5 5

* Total ground cover by cryptogams, litter, live and dead basal plants, and woody dead debris. † Rock fragments > 5 mm diameter. ‡ Combination of bare soil and rock†. § Water drop
penetration time (WDPT, 300 s maximum) used to assess the soil water repellency. Soils were classified wettable if the WDPT < 5 s, slightly water repellent if WDPT ranged between 5 and
60 s and strongly water repellent if the WDPT exceeded 60 s. ¶ Percentage of sample points with the WDPT classified as wettable, slightly water repellent, or strongly water repellent.
** Means based on sampling at three locations (one each in the subcanopy, transition, and intercanopy zones) in each of the four transects per treatment at Marking Corral and in each of
three transects per treatment at Onaqui. †† Infiltration rate measured over the first 60 s of the minidisk infiltrometer experiments.
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4. Result

4.1. Hillslope-Scale Vegetation and Ground Cover

All treatments effectively reduced the density and cover of mature pinyon and juniper trees
(Figure 5a), and the treatment effects on sagebrush and other shrubs varied with treatment type
(Tables 2 and 3; Figures 4a and 5c). Tree canopy cover across all treatment areas declined from initial
values near 25% at both sites in 2006 to <5% at Marking Corral and <1% at Onaqui in 2015, 9 years
post-treatment. The tree canopy cover across all treatments in 2019 (13th year post-treatment) was
similar to the same measures in 2015, even though the juvenile tree density increased slightly in the cut
treatments at both sites from 2015 to 2019 (Figure 5b). By the 13th year post-treatment, the juvenile
tree density was generally greater in the mechanical, as opposed to the burn, treatments at a site
(Figure 5b), and for mechanical treatments it was near to or slightly greater than the pre-treatment
levels. The shrub cover (mainly sagebrush) remained low or was reduced by burning initially and was
unaffected by the mechanical treatments in the first year (Tables 2 and 3; Figures 4a and 5c). With few
exceptions, the treatments increased shrub cover over the 13 growing seasons (~5–30% cover in 2019).
The exceptions include burning at Marking Corral (Table 2), which had the highest initial shrub cover
(18%), and mastication at Onaqui (Table 3). In 2019, approximately 50–90% of the total shrub cover
(Tables 2 and 3) across sites and treatments was sagebrush with exception of the burned area at Onaqui
(<5% shrub cover), which had <1% initial sagebrush canopy cover (Figure 4a).

The greatest understory changes across all treatments and sites over the 13 year study were the
2- to 16-fold increases in the grass canopy cover and associated increases in the basal plant cover
(Tables 2 and 3; Figure 4c,d). The total grass canopy cover initially averaged 5–12% across sites and
treatments, increased to 27–63% across sites and treatments 9 years post-treatment, and was 40–77% at
Marking Corral and 18–40% at Onaqui across all treatments the 13th year after tree removal. Although
the grass cover increased across all treatments, the grass canopy cover was significantly greater in
the burned, as opposed to the mechanical treatments, at both sites by the 13th year. In that year,
approximately 50–75% of the grass canopy cover in the burned treatments was of perennial grasses,
whereas approximately 70–96% of the grass canopy cover in the mechanical treatments was of perennial
grasses (Figure 4c; Tables 2 and 3). The lesser relative perennial grass cover in the burned, as opposed
to the mechanical treatments was associated with a dense canopy cover of cheatgrass (Figure 4d)
immediately adjacent to and surrounding burned trees. The forb canopy cover increased in some
treatments in the first and ninth year post-treatment but was similar to the pre-treatment conditions in
all the treatment areas at the sites by the 13th year after tree removal (Tables 2 and 3). The primary
ground cover change following tree removal was an increase in the basal plant cover in all treatments
at both sites (Tables 2 and 3). Across all the treatments at both sites, the basal plant cover increased 15-
to nearly 30-fold by the ninth year after tree removal and was 25-fold and six-fold greater, on average,
13 years post-treatment relative to the pre-treatment levels at Marking Corral and Onaqui, respectively.

4.2. Spatial Patterns in Ground Cover and Soil Hydrologic Properties along Tree Transects

The primary effects of tree removal on the ground surface conditions and soil hydrologic properties
at the total transect level were reductions in the bare interspace and strong SWR occurrence within the
burned areas. The substantial increases in the grass canopy cover within the burned areas facilitated
reduced bare interspace and increased vegetated interspace occurrences at both sites (Table 4). However,
with few exceptions, measures of ground cover were statistically similar across the treatments at a site
(Table 4). Total transect litter depth was different for untreated and treated areas solely for the burn at
Onaqui. The litter depths in all the treatment areas at both sites were greatest over the first 0.5–1.0 m
distance from trees, then declined through the subcanopy and into the transition zone, and reached a
minimum within the intercanopy (Figure 7). The WDPTs for 0-cm depth followed similar trends as the
litter depths, generally declining with the distance from the tree bases across all treatments at both
sites (Figure 8). Soils were wettable at 1-, 2-, and 3-cm depths for nearly all the sample points along
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transects in all treatments and therefore only the WDPTs for 0-cm depth are presented (Tables 4–6).
The total transect WDPTs and the occurrence of a strong SWR for a 0-cm depth were less in the burn
treatments relative to the untreated areas at both sites, whereas the same measures in mechanical
treatments were generally similar to the untreated and burned areas at a site (Table 4). The declines
in strong SWR in the burned treatments had no significant impact on the total transect K(h) and
relative infiltration (Table 4). Although the treatment effects on the SWR were limited, WDPT increased
with increasing litter depth (Figure 9), and the litter depths within the subcanopies generally were
greatest in the controls and higher in the mechanical, as opposed to the burn, treatments (Figures 7
and 9). The significant relationship between the WDPT and litter depth along transects was largely
driven by strong WDPT occurrence in the subcanopy where litter depth was also greatest. There were
no significant relationships in the SWR with soil water content and TOC at the total transect level.
TOC was generally greater at Onaqui than Marking Corral across all treatment areas (Table 4), but there
were no significant differences in the total transect TOC across treatments at a site. The soil water
content was uniformly low (<0.04 m3

·m−3) across all the sample points along all transects at both sites.
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and outside of the tree canopy) zones along the tree transects in the control (Cont), burned (Burn), cut 
(Cut), and mastication (Mast, Onaqui site only) treatment areas at the Marking Corral (a) and Onaqui 
(b) study sites in 2019, 13 years after treatment applications. 

Figure 7. Litter depths measured at sampling points spanning the subcanopy (areas from the tree
base extending to an existing or previously existing canopy drip line), transition (area immediately
adjacent to the canopy drip line), and intercanopy (area immediately adjacent to the transition zone and
outside of the tree canopy) zones along tree transects in the control (Cont), burned (Burn), cut (Cut),
and mastication (Mast, Onaqui site only) treatment areas at the Marking Corral (a) and Onaqui (b)
study sites in 2019, 13 years after treatment applications.
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(Mast, Onaqui site only) treatment areas at the Marking Corral (a) and Onaqui (b) study sites in 2019, 
13 years after treatment applications. Soils are considered wettable where the WDPT < 5 s, slightly 
water repellent where the WDPT ranges between 5 and 60 s, and strongly water repellent where the 
WDPT > 60 s. WDPT tests were limited to 300 s in this study, yielding a maximum possible WDPT = 
300 s. 
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assessed by the water drop penetration time (WDPT) tests in the intercanopy (Int) and subcanopy 
(Sub) patches of the tree transects in control (Cont), burned (Burn), cut (Cut), and mastication (Mast, 
Onaqui site only) treatment areas at the Marking Corral and Onaqui study sites in 2019, 13 years after 
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where WDPT ranges between 5 and 60 s, and strongly water repellent where the WDPT > 60 s. WDPT 
tests were limited to 300 s in this study, yielding a maximum possible WDPT = 300 s. 

Figure 8. Soil water repellency at the mineral soil surface as assessed by water drop penetration time
(WDPT) tests at sampling points spanning the subcanopy (areas from the tree base extending to existing
or previously existing canopy drip line), transition (area immediately adjacent to the canopy drip line),
and intercanopy (area immediately adjacent to the transition zone and outside of the tree canopy) zones
along the tree transects in the control (Cont), burned (Burn), cut (Cut), and mastication (Mast, Onaqui
site only) treatment areas at the Marking Corral (a) and Onaqui (b) study sites in 2019, 13 years after
treatment applications. Soils are considered wettable where the WDPT < 5 s, slightly water repellent
where the WDPT ranges between 5 and 60 s, and strongly water repellent where the WDPT > 60 s.
WDPT tests were limited to 300 s in this study, yielding a maximum possible WDPT = 300 s.
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Figure 9. Relationship of soil water repellency with the litter depth at the mineral soil surface as
assessed by the water drop penetration time (WDPT) tests in the intercanopy (Int) and subcanopy (Sub)
patches of the tree transects in control (Cont), burned (Burn), cut (Cut), and mastication (Mast, Onaqui
site only) treatment areas at the Marking Corral and Onaqui study sites in 2019, 13 years after treatment
applications. Soils are considered wettable where the WDPT < 5 s, slightly water repellent where
WDPT ranges between 5 and 60 s, and strongly water repellent where the WDPT > 60 s. WDPT tests
were limited to 300 s in this study, yielding a maximum possible WDPT = 300 s.
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Table 5. Average microsite occurrence, ground cover, litter depth, and soil variables as measured in the intercanopy and subcanopy patches of the tree transects in the
control, burned, and cut treatment areas at the Marking Corral study site 13 years after treatment (2019). Means within a row followed by different lowercase letters
are significantly different (p < 0.05).

Marking Corral
Control Burn Cut

Intercanopy Subcanopy Intercanopy Subcanopy Intercanopy Subcanopy

Microsite occurrence (%)
Tree 0.0 a 100.0 b 0.0 a 100.0 b 4.2 a 100.0 b
Shrub 21.1 b 0.0 a 0.0 a 0.0 a 29.2 b 0.0 a
Vegetated interspace 34.9 b 0.0 a 100.0 c 0.0 a 36.3 b 0.0 a
Bare interspace 44.0 b 0.0 a 0.0 a 0.0 a 30.3 b 0.0 a

Ground cover (%)
Total ground cover * 47.6 a 100.0 b 93.8 b 90.0 b 48.8 a 100.0 b
Plant basal cover 0.0 a 0.0 a 3.1 a 0.0 a 28.0 b 0.0 a
Litter & woody dead 47.6 a 100.0 b 90.6 b 90.0 b 20.8 a 100.0 b
Rock † 22.1 a 0.0 a 3.1 a 0.0 a 28.0 a 0.0 a
Bare ground ‡ 52.4 b 0.0 a 6.2 a 10.0 a 51.2 b 0.0 a

Litter depth (cm) 0.4 a 4.7 d 1.4 bc 2.6 cd 0.7 ab 4.0 d
Total soil organic carbon,
0–5 cm depth (%) 1.11 a 1.54 a 1.47 a 1.76 a 1.60 a 1.67 a

Soil hydrologic properties
WDPT 0-cm depth (s) § <5 a 138 c <5 a 35 b <5 a 40 b
Wettable soil (%) ¶ 100.0 c 25.5 a 85.7 bc 67.0 bc 100.0 c 49.4 ab
Slightly repellent (%) ¶ 0.0 a 17.1 ab 14.3 ab 20.5 ab 0.0 a 36.3 b
Strongly repellent (%) ¶ 0.0 a 57.4 b 0.0 a 12.5 a 0.0 a 14.3 a
Hydraulic conductivity, K(h) (mm·h−1) ** 34 a 48 ab 71 b 79 b 49 ab 81 b
Relative infiltration (mL·min−1) **, †† 13 bc 6 ab 18 c 10 ab 13 bc 4 a

* Total ground cover by cryptogams, litter, live and dead basal plants, and woody dead debris. † Rock fragments > 5 mm diameter. ‡ Combination of bare soil and rock†. § Water drop
penetration time (WDPT, 300 s maximum) used to assess soil water repellency. Soils were classified wettable if the WDPT < 5 s, slightly water repellent if WDPT ranged between 5 and 60 s
and strongly water repellent if the WDPT exceeded 60 s. ¶ Percentage of sample points with the WDPT classified as wettable, slightly water repellent, or strongly water repellent. ** Means
based on sampling in each of four transects per treatment. †† Infiltration rate measured over the first 60 s of the minidisk infiltrometer experiments.
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Table 6. Average microsite occurrence, ground cover, litter depth, and soil variables as measured in the intercanopy and subcanopy patches of tree transects in the
control, burned, cut, and mastication treatment areas at the Onaqui study site 13 years after treatment (2019). Means within a row followed by different lowercase
letters are significantly different (p < 0.05).

Onaqui Control Burn Cut Mastication

Inter-Canopy Sub-Canopy Inter-Canopy Sub-Canopy Inter-Canopy Sub-Canopy Inter-Canopy Sub-Canopy

Microsite occurrence (%)
Tree 0.0 a 96.7 c 0.0 a 77.3 b 3.3 a 100.0 c 0.0 a 81.7 bc
Shrub 6.7 ab 0.0 a 2.5 a 0.0 a 9.2 ab 0.0 a 19.2 b 0.0 a
Vegetated interspace 16.9 ab 3.3 a 77.5 c 15.3 ab 53.1 bc 0.0 a 43.1 bc 8.3 a
Bare interspace 76.4 c 0.0 a 20.0 ab 7.3 a 34.4 b 0.0 a 37.7 b 10.0 a

Ground cover (%)
Total ground cover * 24.2 a 100.0 c 51.1 ab 65.3 bc 41.1 ab 85.0 c 41.4 ab 95.0 c
Plant basal cover 5.0 a 0.0 a 13.2 a 3.3 a 0.0 a 0.0 a 4.0 a 3.3 a
Litter & woody dead 19.2 a 96.7 c 37.9 ab 46.0 b 41.1 ab 85.0 c 34.5 ab 91.7 c
Rock † 65.4 c 0.0 a 43.9 bc 20.0 ab 40.8 bc 0.0 a 28.9 ab 5.0 a
Bare ground ‡ 75.8 c 0.0 a 48.9 bc 34.7 ab 58.9 bc 15.0 a 58.6 bc 5.0 a

Litter depth (cm) 0.3 a 4.7 c 0.6 a 1.2 ab 0.5 a 2.3 bc 0.5 a 4.5 c
Total soil organic carbon,
0–5 cm depth (%) 4.40 a 5.16 a 6.00 a 6.07 a 5.46 a 5.33 a 5.79 a 6.44 a

Soil hydrologic properties
WDPT 0-cm depth (s) § <5 a 170 b <5 a 51 b 7 a 97 b 11 a 87 b
Wettable soil (%) ¶ 92.1 c 15.7 a 89.3 c 48.7 b 80.6 c 36.4 ab 85.9 c 40.7 ab
Slightly repellent (%) ¶ 7.9 a 20.2 ab 10.7 a 35.3 b 16.9 ab 20.0 ab 8.4 a 28.6 ab
Strongly repellent (%) ¶ 0.0 a 64.1 c 0.0 a 16.0 ab 2.5 a 43.6 c 5.7 a 30.7 bc
Hydraulic conductivity, K(h) (mm·h−1) ** 17 a 46 bc 42 bc 24 ab 25 ab 50 bc 20 ab 81 c
Relative infiltration (mL·min−1) **,†† 15 b 6 a 12 ab 9 ab 16 b 11 ab 16 b 9 ab

* Total ground cover by cryptogams, litter, live and dead basal plants, and woody dead debris. † Rock fragments > 5 mm diameter. ‡ Combination of bare soil and rock†. § Water drop
penetration time (WDPT, 300 s maximum) used to assess soil water repellency. Soils were classified wettable if the WDPT < 5 s, slightly water repellent if WDPT ranged between 5 and 60 s
and strongly water repellent if the WDPT exceeded 60 s. ¶ Percentage of sample points with the WDPT classified as wettable, slightly water repellent, or strongly water repellent. ** Means
based on sampling in each of three transects per treatment. †† Infiltration rate measured over first 60 s of minidisk infiltrometer experiments.
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4.3. Spatial Patterns in the Ground Cover and Soil Hydrologic Properties at the Patch Scale

The patch scale patterns in the ground surface conditions and soil hydrologic properties in
untreated areas were characteristic of pinyon and juniper woodlands with an extensive depauperate
intercanopy and isolated litter-covered tree patches (Figure 1a). The intercanopy patches within the
untreated areas were mostly (~80–95%) comprised of interspace microsites, the majority of which was
bare interspace (Tables 5 and 6). The intercanopy bare ground in untreated areas averaged 52% at
Marking Corral and 76% at Onaqui and these areas had thin litter layers (Tables 5 and 6). Nearly 100%
of the intercanopy sample points within the control areas had wettable soil, yet untreated intercanopy
patches exhibited the lowest K(h) values, typical of degraded bare patches. In contrast to intercanopies,
the subcanopy patches in the control areas at both sites were nearly 100% covered with a 2- to 8-cm thick
litter layer underlain by strongly water repellent soils (Figure 9) and yielded K(h) values consistent
with some of the highest measured across all treatments (Tables 5 and 6). The effect of the SWR on
the infiltration into mineral soil in the untreated subcanopy patches is evident in the low relative
infiltration values for these sample locations (Tables 5 and 6).

The effects of tree removal on the patch scale ground surface conditions and soil hydrologic
properties were most evident on transects within the burned treatments at both sites. The prescribed
fire treatments yielded generally similar ground surface conditions and soil hydrologic properties
across intercanopy and subcanopy patches (Tables 5 and 6). Burning increased the occurrence of
vegetated interspace and the amount of litter and woody debris within intercanopies (Tables 5 and 6).
The two-fold increases in the litter and woody debris within intercanopies resulted in a similar
total ground cover for the burned intercanopy and subcanopy patches at both sites (Tables 5 and 6).
The improved ground surface conditions within the burned intercanopy patches did not increase the
relative infiltration but did increase the intercanopy K(h) at both sites (Tables 5 and 6). For subcanopy
patches, burning appeared to reduce WDPTs (Figures 8 and 9), but differences in burned versus control
WDPT measures in subcanopy patches were only statistically different at Marking Corral (Table 5).
The occurrence of strong SWR was less in the burned, as opposed to the control, subcanopy patches at
both sites, yielding greater occurrences of wettable surface soils within the burned treatments (Tables 5
and 6). However, the burned treatment had no significant impact on the subcanopy K(h) and relative
infiltration, owing perhaps to the persistence of slight and some strong SWR occurrences (Tables 5
and 6). Regardless, burning improved the overall patch-scale ground surface conditions and soil
hydrologic properties through increases in the wettable soil occurrence and improved intercanopy K(h).

In contrast to the prescribed burning, mechanical treatments had a more limited impact on the
inherent differences in the ground surface conditions and soil hydrologic properties for the intercanopy
and subcanopy patches. Mechanical treatments were effective at reducing the bare interspace occurrence
within intercanopy patches at Onaqui (Table 6). Cutting at Marking Corral increased the basal cover in
intercanopy patches, but the ground cover measures by the patch type in all other cases were similar for
the untreated areas and mechanical treatments across both sites (Tables 5 and 6). Cutting at Marking
Corral yielded lower WDPTs and reduced the occurrence of strong SWR within the subcanopy patches
(Table 5), but mechanical treatments at Onaqui had no significant effect on patch-scale WDPTs or strong
SWR occurrence (Table 6). The K(h) was generally greater for subcanopy patches in the mechanical
treatments, as opposed to the control, at both sites, but the values were not statistically different across
the treatments (Tables 5 and 6). Likewise, the relative infiltration by patch type was statistically similar
for untreated and mechanical treatment areas at both sites (Tables 5 and 6).

5. Discussion

5.1. Treatment Effects on Hillslope-Scale Vegetation and Ground Cover

The hillslope cover responses in this long-term study demonstrate the challenges of re-establishing
sagebrush steppe vegetation in late-succession mid-elevation woodlands through tree removal
treatments [58,62]. As expected, prescribed fire reduced the already limited sagebrush cover and density
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at the sites (Figures 4a and 5c). Although the sagebrush cover and/or density slightly improved with
time in the burn treatments, the cover and densities 13 years post-treatment were less than the pre-fire
values at Marking Corral and remained low at Onaqui. We anticipate sagebrush to re-establish at
and possibly above pre-treatment levels over time in the burn treatment at Marking Corral given the
initial levels and a general upward trajectory since treatment (Figure 5c) [31,72,73]. The persistent
low levels of sagebrush in the burn at Onaqui (Figures 4a and 5c) suggest the re-establishment of
sagebrush as the dominant vegetation at that site is likely prolonged. The literature suggests that
sagebrush recovery on burned intact sagebrush communities can take as long 35–50 years [31,72,73,104],
so follow up measures are required to make any conclusions for Onaqui. Overall, the shrub cover
in mechanical treatments exhibited an upward trend over the course of this study (Tables 2 and 3).
The sagebrush cover in the mechanical treatments at both sites was fairly stable across the 9th and
13th years post-treatment (Figure 4a), but the sagebrush density showed an increasing trend over this
period in all mechanical treatments except at Marking Corral (Figure 5c). That site had the highest
pre-treatment sagebrush density across all treatments. The stable to increasing trends in sagebrush
densities in the mechanical treatments demonstrate the effectiveness of mechanical tree removal to
maintain and gradually recruit sagebrush over time [58]. Further increases in sagebrush cover are
expected in the mechanical treatments in coming years based on the density trajectories. Overall,
the trends in sagebrush cover and density in this study are similar with those in other studies, showing
the influence of low initial sagebrush levels on post-treatment responses and a greater retention and/or
recruitment in mechanical, as opposed to fire, treatments through 3 to 10 plus years [58,64]. Follow
up tree removal after mechanical treatments is typically necessary after 30–50 years to prevent tree
re-colonization [58,105]. Estimates in the literature indicate that the re-establishment of tree dominance
following mechanical and fire treatments occurs in about 50 years and 100 years, respectively [71].
The juvenile tree densities in our study trend upwards for mechanical treatments and are stable to
slightly increasing for burn treatments (Figure 5b). More time is required to compare the longer-term
effects of treatments to limit tree re-colonization and the influence of tree recruitment on sagebrush
and herbaceous vegetation [58,60,71].

Our results also reflect the complexities of herbaceous cover dynamics in response to tree
removal in sagebrush steppe and the difficulty in determining point-in-time treatment success or
failure [14,31,58,64,68]. The herbaceous canopy cover, mainly grasses, showed an increasing trend
across all treatments over the first 9 years of this study, and, with few exceptions, was greater 13 years
post-treatment relative to the pre-treatment levels (Figure 4b). The enhanced grass cover contributed
to substantial increases in the basal plant ground cover across all treatments at both sites and reduced
bare ground in burn and mechanical areas at Marking Corral. The bare ground remained near
60% in the 13th year post-treatment in all treatments at the initially more degraded Onaqui site.
Perennial bunchgrasses were a substantial component of herbaceous cover increases in the 9th and
13th years post-treatment at both sites (Figure 4b,c). Perennial grass cover is an indicator of treatment
success [31–33], and plays a vital role in limiting cheatgrass cover [57,62,68,106], buffering runoff and
erosion rates [19,81–83], and provisioning forage for wildlife and domestic herbivores [3]. In our study,
perennial bunchgrasses were the dominant herbaceous cover in the intercanopy areas between trees by
the 9th and 13th years post-treatment. In contrast, subcanopy areas within burned areas at both sites
were dominated by cheatgrass cover in the 9th [34] and 13th years after treatment. Similar observations
were reported by Fernelius et al. [107]. That study attributed the cheatgrass dominance in burned
subcanopy areas to the SWR effects on soil resources and invasibility. Similar trends in the post-fire
SWR and/or cheatgrass responses under the canopies of pinyon and juniper trees were also reported by
Madsen et al. [98], O’Connor et al. [108], and Davies et al. [109]. We attribute the cheatgrass dominance
in subcanopy areas post-fire in this study to the increased bare area [83], ample nutrient availability on
these fertile islands, and the effects of the SWR on post-fire vegetation establishment, as described
by Fernelius et al. [107]. Incidentally, cheatgrass cover was observed in subcanopy areas within the
mechanical treatments in the 13 years post-treatment but was minor relative to levels in the burned
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treatments (Figure 4d). The thick litter layer and existing perennial grasses in subcanopy areas within
the mechanical treatments buffered SWR effects on infiltration [61] and, in addition to limiting the
bare invasible area [110,111], potentially reduced the effects of the SWR on the cheatgrass invasibility
relative to burned areas [61,98,107].

Overall, all treatments were effective at tree removal and re-establishing ample perennial
bunchgrass cover, but burning also created the islands of cheatgrass in previously tree-covered patches
at least by the ninth year post-treatment [34]. These islands remained in the 13th year post-treatment
and the likelihood of their further persistence is unknown. Perennial bunchgrasses, once established,
can effectively compete with cheatgrass for soil water and resources [112,113], but predicting the
long-term outcomes of competition and varying environmental conditions under such a patchwork
structure of dominance is difficult [14,31,58,68]. The within treatment herbaceous cover responses at
the sites in this study are generally consistent with others evaluating the short- and long-term impacts
of tree removal at mid-elevations, including a rapid increase in the perennial bunchgrass cover post-fire,
a slower re-establishment of perennial bunchgrasses in mechanical treatments, and more cheatgrass in
burned, as opposed to mechanical treatments [13,14,31–33,58,62,64,108].

5.2. Treatment Effects on Patterns in Surface Conditions and Soil Hydrologic Properties

Thirteen years after treatment, the spatial patterns in surface conditions and the soil hydrologic
properties were transitioning, but the tree transects still reflected the relict microsite effects from
pre-treatment conditions (Table 4). That is, conditions in the subcanopy and intercanopy areas clearly
reflect legacy pre-treatment conditions [61,109], but changes in the fine scale microsite distributions
and associated soil hydrologic properties were evident at the patch scale (Tables 5 and 6). Greater
increases in grass cover in the burn versus mechanical treatments at both sites were substantial enough
to reduce the bare interspace area at the total transect level for burned treatments relative to their
respective controls (Table 4). The bare interspace area in mechanical treatments was not statistically
different from that in untreated areas, but it was statistically similar to the same measure in burned
treatments in most cases (Table 4). This suggests that the bare conditions in areas treated mechanically
are declining, albeit more slowly than those in the burn treatments. The delay may be partially
due to competition for resources between residual shrubs and new and established grasses in the
mechanical treatment [36,58]. The shrub cover was two- to three-fold less in the burn relative to
the mechanical treatments in the 13 years after tree removal (Tables 2 and 3). The treatment effects
on the SWR at the total transect level were likewise mainly limited to the burn treatments (Table 4),
perhaps owing to generally less litter on subcanopy microsites in burned areas (Figure 9). The SWR
occurrence and persistence are highly variable spatially and temporally for the unburned and burned
conditions [30,46,49,114–120]. Although spatially restricted to the areas under tree canopies (subcanopy)
at our study sites, the surface SWR persistence as measured by the WDPT exhibited some temporal
decline in the burns, particularly at Marking Corral [34,81]. The SWR on semi-arid landscapes is
strongest under thick litter layers [18,46–49,85–87] and is often transposed downward in the soil profile
during burning [120–122]. A subsequent decline in the transitory behavior of the SWR at the soil surface
and at depth over time post-fire have been reported in numerous field studies [46,48,114,118,120,123].
Repellency at 1–3 cm soil depth in the current study was negligible. However, Pierson et al. [18]
previously reported the SWR occurrence over a 0–5 cm depth for pre-treatment conditions in all
treatment areas at our study sites. The more limited SWR in the 13th year for both untreated and
treated areas suggests that the treatment effects on repellency may have been partially masked by
an inherent naturally occurring temporary decline in the repellency strength, common in sagebrush
steppe [46,48,49]. Nevertheless, burning appears to have reduced the surface SWR strength and the
distribution of strong soil repellency at the total transect level at both sites in this study (Table 4).
The SWR strength and percentage area of strong repellency in most cases were similar for the burned
and mechanical treatment areas at the total transect level for both sites (Table 4). This suggests that,
as with the bare interspace area, the SWR strength is generally declining in the mechanical treatments,
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but differences in the SWR measures for mechanical and untreated areas were not statistically different
due to a high variability (Table 4).

The tree transect data at the patch scale suggest that the tree removal treatments improved
surface conditions and increased K(h) within intercanopy areas representing about 75% of the domain
at each site. The strongest evidence for this transition is demonstrated for the burn treatments.
The aforementioned fire-induced shifts from woodland to herbaceous-dominated vegetation effectively
reduced the bare interspace area and increased vegetated interspace area at both sites (Tables 5 and 6).
Likewise, the ground cover generally increased in intercanopy areas following burning. These shifts
in the dominant vegetation type and surface conditions enhanced hydrologic function assessed as
K(h), as seen in Tables 5 and 6. Such changes in hydrologic function are typical with increases in
herbaceous cover following tree removal practices on woodlands [16,19,21,78]. Mechanical treatments
generally reduced the bare interspace microsite area within intercanopies, but the effects were only
significant at Onaqui (Tables 5 and 6). The bare interspace in the mechanical treatment at Marking
Corral was within 5% of that measured at Onaqui however. Although, the mechanical treatments did
not definitively improve the intercanopy K(h), it is worth noting that these areas contained more shrub
cover and shrub microsite area than burn treatments (Tables 2 and 3, Tables 5 and 6). The infiltration
rates are higher on shrub microsites than in bare interspaces on sagebrush rangelands due to lower
bulk densities and macropores in soils under shrub canopies [40,47–50]. Pierson et al. [18] found that
the infiltration rates during rainfall simulations were 1.3- to 1.9-fold greater for untreated shrub versus
untreated interspace microsites at Marking Corral and Onaqui. The K(h) measures in the intercanopy
areas in this study were mainly located in vegetated and bare interspaces, and, therefore, may not
fully represent the full suite of conditions within intercanopies. Given the increased shrub cover
and/or reductions in the bare interspaces at a site, mechanical treatments induced the intercanopy
surface conditions that facilitate enhanced hydrologic function [16,19–21,78,82]. The K(h) measured
in intercanopy areas within mechanical treatments was similar to that of burned intercanopy areas
and was generally greater, although not statically different from, the untreated intercanopy areas
(Tables 5 and 6). As discussed above for the total transect data, this suggests that intercanopies within
mechanical treatments are improving in terms of surface conditions and hydrologic function, but these
transformations are lagging relative to changes in the burned treatments.

Limited improvements in surface conditions and hydrologic function as measured in subcanopy
areas likely masks the overall hydrological improvements. There were no differences in microsite
distributions and few differences in the ground cover for treated versus untreated subcanopy areas.
However, litter cover was generally less for the burned subcanopy areas than in untreated and
mechanical treatment areas (Figure 9). The occurrence of strong SWR in subcanopy areas was reduced
by the burned treatment at both sites but was unaffected by the mechanical treatments except at
Marking Corral (Tables 5 and 6). None of the treatment-induced changes in the surface cover and SWR
in subcanopy areas improved relative infiltration. It is likely that infiltration experiments over a larger
spatial scale within subcanopies would activate macropores and may yield different results [85,87,98].
However, these microsites only represent about 25% of the study area and are perhaps less of a concern
than the more extensive intercanopy domain (Table 1). Improvements in the ground surface conditions
and/or hydrologic soil properties across the remaining 75% of the area (intercanopies) in each treatment
suggest both burning and mechanical tree removal effectively improved the site surface hydrology and
facilitated a trajectory toward improved hydrologic function given more time.

5.3. Implications for Cross-Scale Ecohydrologic Impacts of Tree Removal

Our soil hydrologic measurements in context with companion studies [34,81,82] demonstrate
prescribed fire tree removal practices can improve hydrologic function on mid- to late-succession
woodland-encroached sites over time. We found that increases in the herbaceous cover over a 13 year
period improved point-scale measured K(h) within intercanopy areas that make up about 75% of the
total area at both our sites (Tables 5 and 6). These areas are the primary source for runoff generation
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on woodland-encroached sagebrush sites [16–19,55,78]. Extensive bare intercanopy area structurally
connects sources of runoff and sediment along woodland hillslopes and facilitates downslope losses of
water and ecologically important surface soil [16,19,20,78]. Therefore, limiting the runoff generation
and connectivity of runoff sources within intercanopies is paramount to improving hydrologic function
and reducing soil erosion in woodland Phases 2 and 3 [19–21]. Earlier studies (9 years post-treatment)
of our sites by Williams et al. [34,81] and Nouwakpo et al. [34] found that increased herbaceous cover
following burning improved infiltration of artificially applied rainfall in interspaces and throughout
intercanopy areas. These studies determined that reduced runoff from interspaces [34] limited the
downslope connectivity of runoff and sediment sources [82] and thereby improved hydrologic function
and reduced soil erosion rates across fine to coarse scales [81]. The experimental methods in these
studies aggregated the effects of the above ground (interception), ground surface (interception and
storage), and below ground (soil properties/K(h)) factors on hydrologic responses. The current
study more specifically evaluates the treatment effects on K(h) within intercanopies, although above
ground factors (e.g., herbaceous cover) likely influenced our infiltrometer experiments indirectly.
Regardless, the collective studies demonstrate that burning can effectively improve hydrologic function
on mid-elevation Phase 2 to Phase 3 woodlands over the first 9 years to 13 years post-treatment through
the recruitment of intercanopy herbaceous cover, reduction of bare ground, and enhanced infiltration.
To our knowledge, there are no comparable collective long-term studies of hydrologic and erosion
responses to tree removal by fire on woodland-encroached sagebrush steppe.

Results from the mechanical treatments contrast with the few similar longer-term studies [16,21]
and indicate that the valuation of hydrologic improvements with cutting and mastication may require
patience. Substantial enhancements of the herbaceous cover in mechanical treatments had minor
impacts on the ground surface conditions and soil hydrologic properties assessed in this study
(Tables 4–6). Similarities in the ground surface conditions and soil hydrologic properties between the
mechanical treatment areas and hydrologically enhanced burned treatment areas at our sites suggest
that cutting and mastication are having a delayed effect on hydrologic function. A companion study of
our sites 9 years post-treatment found that mechanical treatments increased herbaceous cover but had a
limited impact on the bare ground, infiltration, and soil loss [61]. The lone exception was that downed
trees tended to trap overland flow and reduce downslope runoff and sediment transport. Experiments
in that study did not isolate treatment effects on the K(h), as done in the current study. Our results are
however consistent and indicate that improved vegetation, ground cover, and associated hydrologic
function can take more than 10–13 years following mechanical tree removal. The fine scale of our
measurements, however, does not take into account the full potential source and sink arrangements
along a hillslope [124–127], and, on that basis, a broad interpretation of our results across scales is not
suggested. Regardless, the delayed hydrological improvements at our sites contrast with those from
the studies by Pierson et al. [16] and Roundy et al. [21]. Pierson et al. [16] found that an enhanced
herbaceous cover 10 years after juniper cutting significantly reduced intercanopy runoff and soil erosion
during artificially applied rainfall experiments. That study found that cover increases in intercanopy
areas limited runoff generation and concentration of overland flow, resulting in negligible soil erosion.
In contrast, bare areas in an adjacent untreated woodland generated ample runoff that formed rills
with erosion rates 15-fold greater than those measured in the treated woodland. Roundy et al. [21]
found that tree removal by chaining paired with a seeding treatment increased intercanopy vegetation
cover from 5% to more than 40% over 3 years. That study reported litter cover of approximately 15%
in untreated areas and near 50% in treated areas within 3 years post-treatment. The intercanopy runoff

and sediment delivery during natural rainfall at the patch scale were five-fold and 10-fold less the fifth
year after treatment relative to the 5 year averages for untreated conditions. Collectively, our studies
across sites and treatments and the others cited here clearly demonstrate that mechanical tree removal
in sagebrush steppe can have favorable effects on hydrologic function, but that desired responses can
take from 3 to more than 13 years. We suggest that evaluation of treatment effectiveness be tempered
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with an understanding of the measurement scale applied and the fundamental system regulating
ecohydrologic processes [65].

6. Summary and Conclusions

Our long-term research of two mid-elevation Phase 2–3 woodlands demonstrates tree removal
by prescribed fire and mechanical methods can effectively increase sagebrush steppe vegetation and
thereby re-establish or set forth a trajectory toward associated spatial patterns in surface conditions
and soil hydrologic properties. All tree removal treatments effectively removed mature tree cover
and enhanced the understory vegetation attributes typical of sagebrush steppe. Burning reduced
sagebrush cover but was effective in re-establishing ecologically important perennial bunchgrass
cover. Sagebrush cover is slowly increasing in burned treatments but is particularly lagging at the
initially more degraded Onaqui site. The enhanced herbaceous cover in burned intercanopies reduced
bare interspace and improved K(h), indicating burning improved hydrologic function for conditions
representing much of the total area at each site. Much of the subcanopy area was converted to
patches of cheatgrass and exhibited similar infiltration rates as pre-treatment. However, burning tree
islands either reduced SWR strength or the percent area of strongly water repellent soil, indicating
potentially more wettable soil conditions throughout subcanopy areas. Our tension infiltrometer
experiments may not fully capture this effect on infiltration given the footprint of the measurement
and that the methodology limits macropore flow. Mechanical treatments retained or increased
intercanopy sagebrush and enhanced herbaceous cover. The intercanopy ground surface conditions
and soil hydrologic properties in mechanical treatments were generally similar to those in burned
treatments but were also not statistically different from untreated areas in most cases. This suggests
that the vegetation and ground surface conditions in mechanical treatments are on a trajectory toward
significantly improved hydrologic function given more time. The ground surface conditions and
soil hydrologic properties on tree islands in mechanical treatments were similar to those in burned
and untreated areas, likewise suggesting that more time is needed for substantial changes in the
surface hydrology on subcanopy microsites. Overall, the treatments over the 13-year period effectively
enhanced the vegetation, ground surface conditions, and attributes that promote infiltration and limit
the runoff generation for intercanopy areas, representing approximately 75% of total area at the sites.

We anticipate that cover and hydrologic function will continue to change in all treatments on both
sites with time. Follow up experiments are required to make any conclusions regarding the mechanical
treatments. Likewise, the persistence of cheatgrass in the burned areas at both sites increases the
risk of wildfire and potential conversion of those areas to an annual grassland. The likelihood of
such a transition is difficult to predict given the extensive cover of perennial grasses in the adjacent
intercanopies, and, as with the mechanical treatment areas, requires continued monitoring. Lastly,
the nuances in treatment effects across sites, treatment types, and measurement scales in this long-term
research demonstrate the complexity in predicting the ecohydrologic responses to tree removal in
mid-elevation late-succession woodlands and highlight the need and value of multi-scale long-term
studies and monitoring across the vast domain in which woodland encroachment occurs.
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