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ABSTRACT 

 

Cross-scale structural and functional connectivity dynamics have been proposed as mechanisms 

underlying desertification and woody plant encroachment of arid and semiarid grasslands. At 

fine spatial scales during woody plant encroachment, shrubs generate “islands of fertility”, or 

“resource islands”, wherein resources (soil, water, and nutrients) sourced from surrounding 

interspaces via wind, water, and biological vectors are concentrated. As interspaces between 

shrubs become structurally and functionally connected at coarser spatial scales, these resources 

become susceptible to routing between, around, and through resource islands, eventually 

resulting in hillslope-scale depletion of soil, water, and nutrients. Increasing functional 

connectivity of hydrologic and erosion processes further enhances structural connectivity of 

resource-depleted interspaces, closing a positive feedback loop known to sustain woody 

ecological states. Despite extensive efforts dating back to the mid-1900s, restoration of shrub-

encroached ecosystems to their grassland states has proven challenging. A better understanding 

of how structural and functional connectivity are impacted by plant, soil, and hydrologic 

interactions and how these interactions might be modified may provide a foundation for 

developing more effective restoration strategies. I evaluated the near-term (5-year post-

treatment) impacts of a shrub management treatment (tebuthiuron herbicide) in southeastern 

Arizona, USA on structural, hydrologic, and sediment connectivity.  

A suite of soil and vegetation measures were paired with artificial rainfall experiments at 

a fine scale (0.5 m2), concentrated flow simulations at a coarse scale (~ 9 m2), and modeled 

rainfall at the hillslope scale (50 m2) to quantify changes in structural and functional connectivity 

post-brush management relative to those on a nearby control (no herbicide application) site. At 
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the finest scale, terminal infiltration rates were 71 mm·h-1 within the control resource islands and 

48 mm·h-1 within the control interspaces (120 mm·h-1 rainfall intensity). Terminal infiltration 

rates within herbicided interspaces were statistically comparable to those on the control site, 

while terminal infiltration rates within the treated resource islands were 105 mm·h-1 (48% greater 

than control resource islands). Measurements at a coarse scale showed that although structural 

connectivity on the treated site was lower (e.g. shorter basal gap lengths), differences in 

functional connectivity, as measured by concentrated flow simulations, were primarily limited to 

lower sediment yields within the treatment at high flow rates (59% less at 40 L·min-1 flow rate). 

Across both study sites, the proportion of plot area with basal gap lengths > 2 m was positively 

correlated with cumulative concentrated overland flow runoff (R2 = 0.52; p = 0.008). When 

combining splash-sheet and overland flow processes through modeled rainfall at the hillslope 

scale, a strong divergence between hydrologic and sediment connectivity was observed: although 

rainfall runoff was nearly identical on herbicided and control sites, sediment yield was 44% 

lower on the herbicided site.  

Results indicate that hydraulic properties of interspaces between resource islands strongly 

influence hydrologic connectivity at broader spatial scales, and those hydraulic properties may 

be resistant to change from herbicide brush management treatments, at least over the near-term 

(5-year post-treatment). In contrast, structural connectivity, as measured by basal gaps lengths, 

and sediment connectivity appear to be modifiable by herbicide treatments. These findings 

highlight the role of rainsplash detachment in supplying sediment for erosion processes at 

broader spatial scales in dryland ecosystems. To conserve soil resources, restoration practitioners 

should favor strategies which (a) shield bare ground from raindrop impact and (b) limit the 

connectivity of bare ground to efficiently retain rainfall locally. 
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CHAPTER 1: INTRODUCTION 

Connectivity is a widely applied term, which has proven useful for describing processes in 

numerous disciplines including neuroscience (He et al., 2019), evolutionary ecology (Webster et 

al., 2002), and international trade (Bartholdi et al., 2016). As originally noted by Calabrese & 

Fagan (2004), “connectivity comes in multiple flavors”, with definitions varying even within a 

single field (Wohl et al., 2019). Here connectivity is defined in the context of ecohydrologic 

feedbacks influencing ecosystem state transitions. In this context, connectivity represents the 

extent to which resources can be redistributed across a landscape (Saco et al., 2020). For 

example, landscapes with large contiguous patches of bare ground tend to have highly connected 

flow paths during high-intensity rainfall, which promotes the redistribution of soil and water 

resources. Because connectivity within an ecosystem is multifaceted, it is helpful to refer to 

specific processes and their degree of connectedness (Turnbull et al., 2008). In the example 

above, overland flow processes are highly connected, but vegetation within the landscape would 

be highly (dis)connected with respect to fire spread. Further, connectivity can be described in 

both spatial and temporal dimensions. Dryland ecosystems may respond to periods of enhanced 

soil moisture by producing a large yet ephemeral crop of annual species (Beatley, 1974). This 

annual vegetation can be highly connected spatially with respect to the potential for wildfire 

(Brooks & Matchett, 2006). However, livestock producers may have difficulty efficiently 

harvesting the plentiful but transient annuals because that forage is only seasonally available (i.e. 

temporally disconnected). Ecosystems with more diverse forage resources (e.g. annual and 

perennial vegetation) would increase the temporal connectivity of nutrient sources needed for 

sustained livestock production. 
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To better understand how connectivity influences both ecosystem state persistence and 

transition, it can be decomposed into two interacting elements: structural and functional 

connectivity. 

Structural Connectivity 

Structural connectivity is the degree to which landscape features are physically linked (Turnbull 

et al., 2008). Structural connectivity describes the arrangement of objects, as opposed to the 

congruency of processes, although both are tightly linked. Highly connected localized 

depressions or incised channels are examples of structural connectivity in relation to overland 

flow. Conversely, examples of overland flow structural (dis)connectivity include litter dams and 

bare ground interspersed with vegetation cover. Importantly, the degree of structural connectivity 

is ill-defined without reference to a related physical process. Due to its relatively static nature, 

structural connectivity tends to be more easily measured than functional connectivity (Bracken et 

al., 2013; Najafi et al., 2020). For example, in semiarid rangelands, gaps between vegetation 

canopies can be measured as an indicator of vulnerability to wind erosion (Webb et al., 2020).  

Direct measures of wind-transported sediment flux would be more informative but also much 

more resource intensive (Webb et al., 2017). Relating measures of structural connectivity to their 

potential to facilitate associated processes can provide key insights into ecosystem function 

(Bracken et al., 2013).  

Functional Connectivity 

Functional connectivity describes how physical processes interact with spatial and temporal 

structural patterns to modulate the distribution of resources (Turnbull et al., 2008). Structural 

elements of a landscape can be connected through their interactions with processes such as 

overland flow. For example, in semiarid environments, rills only become functionally connected 
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once the rainfall intensity has exceeded the infiltration capacity of the soil and overland flow has 

initiated. Although depressions in the soil may be structurally connected, functional connectivity 

is dependent upon the magnitude of infiltration-excess overland flow. Similarly for aeolian 

processes, gaps between vegetation only become functionally connected when wind velocities 

exceed sediment transport thresholds (Webb et al., 2020). Due to its dynamic nature (e.g. time-

varying rainfall intensity), functional connectivity is more easily conceptualized than directly 

measured (Bracken et al., 2013).  

Cross-scale Hydrologic and Sediment Connectivity 

Connectivity provides a framework for understanding how fine-scale processes are realized at 

broader spatial and temporal scales. To better describe these cross-scale processes, it is helpful to 

distinguish between hydrologic connectivity and sediment connectivity. Definitions of these 

terms have varied throughout the literature (Ali & Roy, 2009). In the context of understanding 

runoff patterns and processes on arid and semi-arid hillslopes, hydrologic connectivity refers to 

the influence spatial and temporal arrangement of landscape features has on infiltration and 

runoff processes. Sediment connectivity describes how the arrangement of landscape structural 

patterns influences the movement and redistribution of soil. Hydrologic and sediment 

connectivity are related when water is the dominant sediment transport vector, although their 

relative importance may diverge as sediment supplies are diminished (Bracken et al., 2015). 

Runoff in dryland ecosystems typically occurs when the rainfall intensity exceeds the 

infiltration rate at the point scale. The infiltration capacity of soil varies spatially, especially in 

arid ecosystems (Eldridge et al., 2015; Pierson et al., 1994). Hillslopes with contiguous areas of 

relatively low hydraulic conductivity have been shown to produce runoff magnitudes in excess 

of what might be predicted from simply averaging point-scale hydraulic conductivity 
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measurements. Through a series of numerical experiments, McGuire et al. (2018) found that the 

mean of point-scale hydraulic conductivity measurements across a hillslope diverged from the 

effective hydraulic conductivity of the hillslope as both the coefficient of variation and 

autocorrelation lengths of those measures increased. Empirical studies have found similar 

hydrologic connectivity patterns. In a semiarid Mediterranean watershed, Bautista et al. (2007) 

found that patch density (r = -0.79) and degree of bare soil connectivity (r = 0.85) were 

significant predicters of total runoff on 16 m2 runoff plots, indicating that more spatially-

connected interspaces between patches heightened runoff responses. The relationship between 

total runoff and bare soil connectivity was also found to have strengthened with higher intensity 

rainfall. This latter finding aligns well with the hydrologic connectivity framework in that the 

degree of connectedness is a function of the magnitude of the physical process, not just the 

extent of structural connectivity. 

 

Woody Plant Encroachment 

Exogenous Causes 

An increase in woody vegetation in arid and semiarid grasslands has been observed globally over 

the past century (Eldridge et al., 2011). Numerous studies have found evidence for various 

external mechanisms instigating and maintaining these shifts, including: climate change, altered 

grazing and fire regimes, increased atmospheric CO2 concentrations, and interactions between 

these forces (Archer et al., 2017). Changes in temperature and precipitation have been shown to 

be correlated with woody plant encroachment (WPE), although these relationships appear to be 

biome-dependent. In a global meta-analysis of tundra and savanna WPE studies, García Criado 

et al. (2020) found increasing temperature was correlated with WPE in tundra study sites, while 
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increasing precipitation was correlated with WPE in savanna study sites. These findings suggest 

woody expansion may be responding to climatic easing of biome-specific energy or water 

constraints (Budyko, 1974). The influences of grazing and fire on WPE are closely linked 

(Fuhlendorf et al., 2009). Numerous researchers have noted the intensification of livestock 

grazing in grasslands diminishes the continuity of fine herbaceous cover needed to carry wildfire 

(e.g. Archibald et al., 2005; Distel, 2016; Kupfer & Miller, 2005). In the prolonged absence of 

fire disturbance, woody species, previously inhibited from establishing or reaching dominance 

by periodic fire, encroach and outcompete grazed herbaceous species for resources. This further 

diminishes the lateral connectivity of fine fuels and results in the exclusion of fire from the 

ecosystem. The existence of these interactions has been supported at large spatial scales. Venter 

et al. (2018) found that an 8% increase in woody plant cover over sub-Saharan Africa from 1986 

– 2016 was primarily explained by decreasing fire extent and increasing herbivore density. 

Several hypotheses have been proposed for how woody species might have increased as a result 

of observed increases in atmospheric CO2 concentrations (Archer et al., 2017). An early 

hypothesis proposed CO2 enrichment may favor shrubs by differentially increasing growth rates 

of C3 (e.g. shrubs) and C4 species (e.g. warm-season grasses); however, woody plant 

encroachment has also been observed in ecosystems where C3 grasses are prevalent, suggesting 

other factors may be at work. Mounting evidence suggests enhanced growth rates of C3 species 

may reduce fire impacts on woody species. By increasing growth rates, CO2 enrichment may 

shorten periods of woody plant vulnerability to fire (Bond & Midgley, 2012). 
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Connectivity-driven Feedbacks 

Transitions from grass-dominant to woody-dominant ecological states may be accelerated by 

connectivity-driven feedbacks. A useful conceptual model that integrates connectivity dynamics 

and ecosystem state transitions was proposed by Turnbull et al. (2008). They utilized a cusp-

catastrophe framework (Lockwood & Lockwood, 1993), which allowed for both linear (i.e. 

successional) and non-linear (i.e. state-and-threshold) transitions between grass and woody 

ecological states forced by the exogenous causes of WPE discusses previously. Linear transitions 

characterized by gradual shifts through a gradient of seral stages maintain low hydrologic and 

sediment connectivity during the shrub encroachment phase. Localized retention of soil and 

water resources allows for reversal of the transition when the exogenous driver(s) are relaxed. In 

contrast, non-linear transitions are characterized by abrupt conversions from grass- to woody-

dominant ecological states. During this phase of shrub encroachment, structural connectivity of 

bare ground becomes functionally connected through overland flow, which redistributes soil and 

water resources. This results resources becoming concentrated within woody-influenced 

“resource islands” (Rango et al., 2006). Interspaces between patches become more structurally 

and functionally connected, creating pathways for resources to be transported from hillslopes. 

Once these connectivity processes have been altered and soil and water resources have been 

redistributed, relaxing exogenous drivers may do little to arrest of reverse the transition; more 

aggressive interventions would be required. Turnbull et al. (2008) framed their model to address 

ecohydrologic processes, but aeolian and fire processes could also feasibly be addressed through 

the connectivity components of their model. Aeolian connectivity creates similar feedbacks by 

altering vegetation structure and enhancing vulnerabilities to wind erosion (Webb et al., 2014). 
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Fire connectivity works in the opposite direction. As fine fuel connectivity is disrupted, fire 

processes preventing woody plant recruitment are diminished (Okin et al., 2009).  

  This conceptual framework has been subsequently supported by numerous empirical 

observations. In a follow up study in southern New Mexico, USA, Turnbull et al. (2010) found 

runoff and erosion rates (i.e. hydrologic and sediment connectivity) and bare ground structural 

connectivity increased along a gradient from semiarid grassland to shrubland. In semiarid 

grasslands undergoing shrub encroachment in western New South Wales, Australia, Eldridge et 

al. (2015) found that differences in steady-state infiltration between grasses and their interspaces 

were 1.5 times less than differences between shrubs and their interspaces. They also observed the 

spatial autocorrelation length of steady-state infiltration rates were greater in the shrublands (3.5 

m) than the grasslands (1.5 m), suggesting greater hydrologic connectivity in semiarid grasslands 

encroached by shrubs. Williams et al. (2019) observed evidence that the framework is also robust 

to a reversal of woody plant transitions. In two sagebrush (Artemisia spp.) steppe shrublands 

encroached by piñon (Pinus monophyla) and juniper (Juniperus osteosperma) in the Great Basin 

region, USA, prescribed fire induced a physiognomic shift from tree- to herbaceous-dominant 

ecological states, which was sustained 9 yr post-fire. This was associated with reductions in 

structural (e.g. mean basal gap lengths decreased) and hydrologic connectivity (e.g. less 

cumulative runoff from interspaces during concentrated flow simulations). 

Restoration and Ecosystem Services 

Arid and semiarid grasslands are valuable to society and the biosphere as a whole because of the 

ecosystems services they provide. As a grassland transitions to a shrubland, the suite of 

ecosystem services that it provides also shifts (Sala & Maestre, 2014). The relative value society 

places on these alternative ecosystem services is subjective (Bestelmeyer et al., 2018), but is 
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highly influenced by economic incentives (Yahdjian et al., 2015). For example, all else equal, 

forage production in semiarid grasslands are typically greater than in shrublands (Archer et al., 

2017). This incentivizes livestock producers to manage to sustain a grassland state or to reverse a 

transition to a shrubland state. Although certain ecosystem services provisioned by a shrubland 

may be valuable (e.g. habitat for obligate shrubland bird species; Andersen & Steidl, 2019), 

economic priorities may dictate land management actions that induce ecosystem service 

tradeoffs. Fully understanding what tradeoffs exist helps land managers optimally value 

ecosystem services that may be indirectly impacted by economic-oriented management 

decisions. Elucidating the interactions between supporting services (e.g. hydrologic 

redistribution of water and nutrients) and provisioning services (e.g. forage production) helps 

land managers identify efficacious restoration strategies and avoid unintended ecosystem 

degradation. 

Numerous restoration strategies have been implemented to attempt to reverse semiarid 

grassland to shrubland transitions. As Turnbull et al. (2008) suggest, the long-term success of 

these treatments are likely mediated by connectivity-driven feedbacks. Prescribed fire and 

managed wildfire have been utilized to reintroduce fire disturbances that would have previously 

inhibited WPE (Archer et al., 2011). However, the ability to spread fire is largely controlled by 

the continuity of lateral fuels, which may have become (dis)connected post-encroachment (Okin 

et al., 2009). If conditions allow for the spread of fire, land managers may still choose not to 

reintroduce fire into WPE grasslands due to risk considerations and logistical constraints 

associated with prescribed fire (Toledo et al., 2014). Even when fire has been successfully 

reintroduced to the landscape, post-fire herbaceous vegetation dynamics dictate whether fire 

return intervals are frequent enough to sustain the reversal back to the grassland state (McDonald 
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& McPherson, 2011). Mechanical treatments have also been used to remove woody vegetation 

through various chaining, bulldozing, shredding, plowing, and/or cutting methods. These 

strategies tend to be resource intensive and, depending on the method, may cause significant soil 

disturbance (Archer et al., 2011). Unless connectivity feedbacks associated with WPE have been 

disrupted, economically prohibitive retreatments may be necessary to combat re-encroachment.  

Chemical treatments have been used widely as a brush management tool in the 

southwestern U.S.A. For example, ~ 300,000 ha of shrub-encroached grasslands were treated 

with selective herbicides over the last 40 yr in New Mexico (Bestelmeyer et al., 2018). Chemical 

management of woody species has been favored in situations where (dis)connectivity of fuels or 

logistical hurdles make prescribed fire infeasible and/or where mechanical treatments would 

cause extensive soil disturbances (Archer et al., 2011). Herbicides do not immediately alter the 

structure of the ecosystem; rather, they disrupt biological processes necessary for woody plant 

growth. The degree to which this disruption in biological activity impacts longer term 

connectivity feedbacks associated with WPE remains a source of uncertainty. If exogenous 

drivers of WPE are still present, the reduction in woody vegetation may be short-lived (Archer et 

al., 2011). 

 To determine whether chemical treatments might have the potential to alter connectivity 

feedbacks helping to sustain WPE semiarid grasslands, this study compared the structural, 

hydrologic, and sediment connectivity of a shrub-encroached semiarid grassland treated five 

years prior with tebuthiuron herbicide (N-[5-(1,1- dimethylethyl)-1,3,4-thiadiazol-2-yl]-N,N9-

dimethylurea), to that of an adjacent untreated, shrub-encroached, semiarid grassland. Specific 

research objectives were to compare and contrast treated and untreated grasslands with respect 

to:  
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1) the magnitude of difference in structure and hydrologic function of resource islands 

and their interspaces at a fine scale (0.5 m2),  

2) overland flow connectivity of interspace areas at the coarse scale (~ 9 m2), and  

3) the extent to which measured differences in structural and functional hydrologic and 

sediment connectivity at fine and coarse scales are manifested in hillslope-scale (50 m2) 

runoff and erosion. 
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CHAPTER 2: PRESENT STUDY 

 

The thesis is centered around a manuscript entitled “Restoration of a Shrub-Encroached Semiarid 

Grassland: Implications for Structural, Hydrologic, and Sediment Connectivity”, which at the 

time of this writing is under review by the journal, Ecohydrology. A copy of the manuscript 

formatted as submitted to Ecohydrology is presented in Appendix A. The manuscript details a 

study conducted within Walnut Gulch Experimental Watershed (WGEW; 

https://www.tucson.ars.ag.gov/swrc_site/research/wgew) in southeastern Arizona, USA. The 

study compares the ecohydrologic properties of two contiguous shrub-encroached semiarid 

grasslands, one of which was treated with the herbicide tebuthiuron. Five years following the 

treatment, a series of rainfall simulations, overland flow experiments, runoff and erosion 

modeling exercises, and soil and vegetation sampling were completed to characterize the 

structural, hydrologic, and sediment connectivity of the two sites.  Below is a summary of the 

methods, results, and conclusions from the study. 

 

Summary of Methods 

Study Sites 

The study sites were located within the middle elevations (31.6946° N latitude, 110.0052° W 

longitude, 1420 m MSL) of the WGEW below an elevational transition zone from shrub- to 

grass-dominated plant communities (King et al., 2008). From 2008-2018, 22% (3,278 ha) of the 

WGEW was treated with tebuthiuron primarily within this middle elevation zone [Dusty 

Glidewell (U.S. Department of Agriculture – Natural Resources Conservation Service), pers. 

comm.]. The sites in this study were situated along a treatment boundary, where one site received 
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an aerial application of pelletized tebuthiuron (0.84 kg·ha-1 active ingredient) in March 2013. A 

contiguous site was left untreated. Both sites are classified as Limy Slopes 12-16” (305 mm – 

406 mm) PPT zone ecological site (R038XA126AZ) within Major Land Resource Area 41-3, 

Southern Arizona semi-desert grassland (USDA-NRCS, 2017). Soils are coarse-loamy, mixed, 

superactive, thermic Ustic Haplocalcid (Luckyhills series). The parent material is alluvium 

eroded from Gleeson Road conglomerate (Osterkamp, 2008). Mean coarse-scale slope 

inclination is 11% (range = 9% to 13%). The plant community within the control site is a 

whitethorn acacia (Vachellia constricta (Benth.) Seigler & Ebinger) shrubland. 

Fine-scale Experiments 

For fine-scale experiments (0.5 m2 plots), a stratified random sampling with two microsite strata 

was used: 1) canopy – areas around an existing (control) mature shrub canopy (whitethorn acacia 

or mariola [Parthenium incanum Kunth]) or previously covered by shrub canopy (herbicided 

site); and 2) interspace – areas between mature shrubs with exposed soil, rock, and sparse 

herbaceous vegetation. Microsite structure was assessed through cover, surface roughness, bulk 

density, soil texture, slope inclination, and aggregate stability measures. Hydrologic function was 

measured via a series of three successive rainfall simulation runs (45 min per run) with 

increasing intensities (64 = dry-run, 100 = wet-run, and 120 mm·h-1 = very-wet run). Rainfall 

simulation methods were based on small-plot simulations described in Williams et al. (2020). 

During each simulation, timed runoff samples were collected at regular intervals and analyzed to 

determine cumulative runoff (mm), runoff-to-rainfall ratio (mm·mm-1), terminal infiltration rate 

(mm·h-1), time to runoff (min), cumulative sediment yield (g), and mean sediment concentration 

(g·L-1). Statistical comparisons between microsites were determined via a one-way Analysis of 

Variance (one-way ANOVA). Where differences were significant, post-hoc pairwise 
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comparisons were conducted using Tukey’s honestly significant difference (Tukey’s HSD). 

Where assumptions of normality could not be resolved through transformations, non-parametric 

statistics were used. R (version 3.6.2) was used for all statistical analyses. 

Coarse-scale Experiments 

Coarse-scale measurements were taken at randomly located plots (~ 9 m2). Structural 

measurements included cover, distances between vegetation bases (i.e. basal gaps), slope 

inclination, and surface roughness. Concentrated flow simulations were conducted based on 

overland-flow simulation methods described in Williams et al. (2020). Regulated concentrated 

flow was released 4 m from the base of the pre-wetted plots. Three consecutive flow rates were 

used at each plot (15, 30, and 40 L·min-1; 12 min per rate). Runoff samples were again sampled 

at regular intervals and analyzed to determine cumulative runoff (L), cumulative sediment yield 

(g), and mean sediment concentration (g·L-1). At a transect 3 m from the release point and 

perpendicular to the orientation of the plot, flow depths (cm) and total rill area width (cm; 

distance between outer edges of outermost flow path) were measured. Electrical conductivity 

probes were placed in the fastest flow paths at 1 m and 3 m from the release point. Several pulses 

of a concentrated salt solution (CaCl2, ~ 50 mL) were poured into the water at the release point at 

each rate. The time for the salt solution to pass from the 1 m to 3 m transects was determined via 

the electrical conductivity probes to determine the fastest flow path velocity (m·s-1). Statistical 

comparisons between sites were conducted using a two-sample T-test. Where assumptions of 

normality could not be resolved via transformation, non-parametric procedures were used. 

Hillslope Modeling 

The Rangeland Hydrology and Erosion Model (RHEM) was used to model runoff and erosion at 

the hillslope scale (Hernandez et al., 2017). RHEM is parameterized through a series of 
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equations that relate structural variables to infiltration, surface roughness, erodibility parameters. 

Mean cover and slope inclination attributes at the coarse scale (Appendix A, Table 2) were used 

as inputs to these equations (Appendix A, Supplemental Table 1). Soil texture was determined 

from fine-scale measurements. Hillslopes were modeled as a uniform rectangular plane (50 m x 

1 m). RHEM was run using rainfall intensities and durations from the fine-scale experiments (64, 

100, and 120 mm·h-1; 45 min duration per intensity).  

Summary of Results 

Fine-scale Experiments 

Fine-scale structural measurements showed differences between canopy and interspace 

microsites were generally smaller in the treated site than in the control (Appendix A,Table 1). 

For example, the difference between canopy (13%) and interspace (41%) bare ground in the 

untreated site was substantially lower on the herbicided site (3% canopy, 9% interspace). Similar 

patterns were observed for rock cover, litter, basal, and total canopy cover. An important 

exception to this pattern was found with grass canopy cover, where modest differences in the 

control (12% canopy, 0% interspace) were far less than those found in the herbicided site (75% 

canopy, 25% interspace). 

 Results from the rainfall simulation experiments contrasted with the structural measures 

in that differences in hydrologic function between canopy and interspace microsites were greater 

in the tebuthiuron-treated site than in the control. This pattern was largely due to herbicided 

canopy microsites being more resource conserving than control canopy microsites, while the 

interspaces at both sites were statistically comparable (Appendix A, Table 3). Differences in 

terminal infiltration rates at the end of the very-wet run (120 mm·h-1 intensity) exemplify this 

pattern. Interspace terminal infiltration rates were statistically comparable (48 mm·h-1 control 
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and 57 mm·h-1 tebuthiuron), while the terminal infiltration rate in the herbicided canopy 

microsite (105 mm·h-1) was 34 mm·h-1 greater than that observed in the control (71 mm·h-1). 

Because runoff was a primary driver of sediment production (Appendix A, Fig. 5b), similar 

patterns were observed for cumulative sediment yield and mean sediment concentration 

(Appendix A, Table 3).  

Coarse-scale Experiments 

Basal gap measurements at the coarse scale showed structural connectivity of overland flow was 

less in the herbicided site and was associated with greater grass cover and less shrub cover 

(Appendix A, Fig. 3 & Table 2). Basal gap lengths were shorter in the herbicided site with 

median gap lengths < 1 m (Appendix A, Fig. 3).  A considerable difference in the dominant 

vegetation type of the study sites was evident in the differences in grass (61% tebuthiuron, 13% 

control) and shrub canopy cover (< 1% tebuthiuron, 40% control). Notably, the non-native grass 

species, Lehmann lovegrass (Eragrostis lehmanniana Nees), was largely responsible for the 

difference in grass canopy cover between the tebuthiuron-treated site (44%) and the control 

(0%). 

 Results from the concentrated flow experiments suggested a possible divergence between 

hydrologic and sediment connectivity at high flow rates (30 and 40 L·min-1). Cumulative 

sediment yield was less in the herbicided site (49 g – 30 L·min-1, 77 g – 40 L·min-1) than the 

control (98 g – 30 L·min-1, 190 g – 40 L·min-1). Cumulative runoff trended less in the herbicided 

site for all flow rates; however, values were statistically comparable. Although basal cover was 

negatively correlated with cumulative runoff (r = -0.61; R2 = 0.37; Appendix A, Fig. 6a), a 

stronger positive relationship was observed with the proportion of area with basal gaps lengths > 

2 m (r = 0.72; R2 = 0.52; Appendix A, Fig. 7d). 
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Hillslope Modeling 

Consistent with findings at both the fine and coarse scales, modeled runoff and erosion at the 

hillslope scale indicated lower sediment production in the tebuthiuron-treated site. At 120 mm·h-

1 rainfall intensity (45 min duration), modeled cumulative sediment yield was 44% less in the 

herbicided site (1.78 Mg·ha-1) than the control (3.19 Mg·ha-1). This contrasted with the modeled 

runoff response, where cumulative runoff was the same in both treatments (63 mm·h-1).  

Summary of Conclusions 

Five years post-treatment, the tebuthiuron-treated site contrasts with the untreated site in that it 

exists in a grass-dominant ecological state with fine-scale resource islands that have greater 

infiltration capacity and limited erodibility. Interspaces between resource islands have shorter 

basal gap lengths that are correlated with less runoff and erosion from concentrated flow. 

Modeled hillslope-scale runoff and erosion suggest these fine- and coarse-scale properties 

aggregate to less erodible hillslopes. Lesser rainsplash-detached sediment at the fine scale 

appears to play a prominent role in limiting the supply of sediment that can be transported at 

broader spatial scales. Coupled with lesser concentrated flow-detached sediment, there is 

considerable evidence that the connectivity of erosion processes is more limited in the 

tebuthiuron-treated grassland. 

 Although both structural (i.e. bare ground) and sediment connectivity were lower in the 

herbicided site, it remains uncertain whether hydrologic connectivity is substantively different 

than that of the untreated shrub-encroached grassland. Resource islands had greater infiltration 

capacity in the tebuthiuron-treated site, but these shrub microsites also had elevated infiltration 

capacity relative to their interspaces in the control. This greater infiltration capacity is likely not 

fully utilized even when interspaces are producing runoff. Without substantive differences in 



29 
 

 
 

infiltration processes within the interspaces (Appendix A, Table 3), which make up ~ 60% of the 

hillslope (Appendix A, Table 2), the magnitude of runoff produced from hillslopes in each study 

site may be similar. However, coarse-scale measurements suggest differences in bare ground 

connectivity are influencing runoff processes (Appendix A, Fig. 7). When runoff is initiated in 

interspaces, increased infiltration capacity in resource islands may provide zones for runon 

infiltration that would otherwise be subject to Hortonian overland flow in the untreated site. 

Although RHEM results suggest differences in runoff processes are limited between sites, the 

influence of elevated infiltration capacities in herbicide-treated resource islands may be 

underestimated during model parameterization. RHEM calibration under natural rainfall on 

herbicided hillslopes may provide more conclusive evidence for whether hydrologic connectivity 

is influenced by chemical brush management. 
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Abstract 

Cross-scale structural and functional connectivity feedbacks can amplify exogenous forces in 

dryland environments leading to ecosystem state change (e.g. from grassland to shrubland). 



39 
 

 
 

Attenuation of these connectivity feedbacks would ostensibly be required to restore transitioned 

ecosystems to their former state. We compared structural, hydrologic, and sediment connectivity 

on a shrub-encroached semiarid grassland in southeastern Arizona, USA to that of a nearby site 

experiencing an increase in non-native perennial grass (Lehmann lovegrass) abundance 5-yr 

following treating shrubs with tebuthiuron herbicide. Soil/vegetation attributes were quantified 

and paired with hydrologic experiments at fine (0.5 m2) to hillslope (50 m2) scales. Fine-scale 

rainfall simulations (120 mm·h-1 rainfall intensity; 45 min) showed interspaces between shrubs 

were hydrologically similar on the treated and control sites, whereas herbicided shrub patches 

were more resource conserving than those within the control (terminal infiltration rates of 105 

and 71 mm·h-1), respectively. High structural connectivity of bare ground (basal gap lengths > 

200 cm) was correlated with increased concentrated flow runoff and accompanied by greater 

sediment yields within the untreated site at a coarse scale (~ 9 m2). Hillslope-scale modeling 

suggested a divergence between hydrologic and sediment connectivity: runoff from high 

intensity rainfall was similar between sites, while predicted sediment yield was 44% less within 

the tebuthiuron-treated site. Our results indicate (i) hydraulic properties of soils between shrubs 

are unresponsive to herbicide treatment, (ii) disruption of structural connectivity of these 

interspaces associated with grass cover increases subsequent to herbicide application attenuated 

runoff and the energy needed for sediment transport, and (iii) sediment connectivity is reduced 

by conversion to a novel grassland ecological state.  

 

Keywords: island of fertility, woody plant encroachment, brush management, erosion, rainfall 

simulation, infiltration, pattern-process, cross-scale 
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Introduction 

Connectivity has been proposed as a central “organizing principle” for understanding cross-scale 

dynamics in arid and semiarid ecosystems (Bracken & Croke, 2007; Okin et al., 2015, 2009; 

Peters et al., 2004). Although variously defined (Wohl et al., 2019), connectivity generally refers 

to the extent to which resources can be redistributed across a landscape (Saco et al., 2020). The 

concept of connectivity has been useful in explaining and predicting a variety of non-linear 

phenomena (van der Ploeg, Baartman, & Robinson, 2018), including runoff (Mueller, 

Wainwright, & Parsons, 2007), erosion (Williams et al., 2016), and wildfire (O’Donnell, Boer, 

McCaw, & Grierson, 2011; Peters et al., 2004). Structural and functional connectivity are two 

interacting components regulating the redistribution of resources. Structural connectivity relates 

to the degree of spatial continuity of landscape features (e.g. interconnected areas of bare ground, 

lateral continuity of herbaceous vegetation, soil macropores, etc.; Turnbull, Wainwright, & 

Brazier, 2008). Functional connectivity describes the continuity of physical processes such as 

overland flow-induced erosion, wildfire spread, and macropore-activated flow (Turnbull et al., 

2008). Importantly, positive-feedbacks between structural-functional components can accelerate 

and sustain landscape-scale ecological transitions (Allen, 2007; Okin et al., 2009; Williams et al., 

2014).  

The proliferation of woody vegetation in arid and semiarid grasslands is a global 

phenomenon (Eldridge et al., 2011). Prominent exogenous causes of woody plant encroachment 

include climate change, fire exclusion, livestock grazing, CO2 fertilization, and their interactions 

(Archer et al., 2017; Archer, Schimel, & Holland, 1995; Van Auken, 2009). Grasslands provide 
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valuable ecosystem services, including forage for livestock (Porensky, Derner, Augustine, & 

Milchunas, 2017), conservation of soil (Polyakov, Nearing, Stone, Holifield Collins, & Nichols, 

2016; Ritchie, Herrick, & Ritchie, 2003), and wildlife habitat (Macías-Duarte et al., 2009). Many 

of these services are altered and/or diminished as grasslands transition to woody-dominated 

ecological states (Archer & Predick, 2014; Bestelmeyer et al., 2018). This has resulted in 

sustained interest and effort to restore shrub-invaded grasslands and their associated ecosystem 

services (Archer et al., 2011). Many of the factors driving woody plant encroachment are 

accompanied by modifications of structural and functional connectivity, which accelerate and 

sustain grassland-to-shrubland transitions (Schlesinger et al., 1990; Turnbull et al., 2008, 2012; 

Williams et al., 2014).  

 Non-linearities in ecohydrologic processes affected by woody plant encroachment may be 

the result of connectivity modifications at multiple spatial scales (Okin et al., 2009; Turnbull, 

Wainwright, & Brazier, 2010). At fine scales, connectivity is manifested through the 

development of “islands of fertility” or “resource islands” (Garcia-Moya & McKell, 1970; 

Schlesinger et al., 1990). Resource islands associated with shrubs in drylands preferentially 

accumulate water, sediment, and nutrient resources transported, in part, from adjacent less-

vegetated areas (interspaces). This results in heterogeneous resource distribution at the 

plant/interspace scale. With disturbances such as grazing, sparsely vegetated areas between 

resource islands may become more interconnected and increase overall structural connectivity. 

As rainfall is partitioned to runoff, interspaces become functionally connected through 

concentrated overland flow (Pierson et al., 2010; Turnbull et al., 2010; Wainwright, Parsons, & 

Abrahams, 2000). This further amplifies resource heterogeneity. At the hillslope scale (Fan et al., 

2019), interconnected bare areas route water and soil resources within a matrix of resource 
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islands. Runoff can either run-on and (i) infiltrate into resource islands, (ii) overwhelm the 

infiltration capacity of the resource islands and continue as runoff, or (iii) route around resource 

islands through lower elevation flow paths en route to a downslope channel. At the hillslope 

scale, heightened functional connectivity of runoff and erosion processes results in the depletion 

of resources and ecohydrologic degradation, reinforcing desertification and the transition to a 

shrub-dominated ecological state (Okin et al., 2009; Schlesinger et al., 1990; Turnbull et al., 

2008). 

Management of shrub-encroached grasslands revolves around reducing woody vegetation 

cover by employing “brush management” practices (Hamilton, McGintry, Ueckert, Hanselka, & 

Lee, 2004). These include mechanical, biological, prescribed fire, and chemical treatments, alone 

or in some combination (Archer et al., 2011). Mechanical and prescribed fire treatments 

frequently result in immediate and extensive alterations to the physiognomy of a treated 

landscape, which may also alter hydrologic function over short time periods (Pierson et al., 2015; 

Williams et al., 2019). In contrast, herbicide treatments tend to retain physiognomic structure 

over the short-term, while disrupting woody plant biologic function (Scifres, Mutz, & Hamilton, 

1979). Although the conservation of landscape structural properties is attractive to land managers 

seeking to limit short-term vulnerabilities to enhanced runoff and erosion often associated with 

prescribed fire and mechanical conservation practices (Pierson et al., 2015; Prosser & Williams, 

1998; Williams et al., 2019), current understanding of ecohydrologic feedbacks suggests 

structural and functional modifications must cross a critical threshold to induce the desired state 

change (Turnbull et al., 2012). Whether short-term biological disruptions precede a longer-term 

reversal of the ecohydrologic feedbacks reinforcing woody ecological states remains a central 

uncertainty surrounding the efficacy of brush management practices. 
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The implementation of landscape-scale brush management practices provides opportunities 

to assess how structural and functional connectivity feedbacks driving shrub encroachment might 

be manipulated to facilitate grassland restoration. In this study, we quantify ecohydrologic 

properties of a semiarid shrub-encroached grassland treated with the herbicide, tebuthiuron (N-

[5-(1,1- dimethylethyl)-1,3,4-thiadiazol-2-yl]-N,N9-dimethylurea). Tebuthiuron has been used 

since the 1970s to reduce shrub cover with the intent of increasing herbaceous cover and 

decreasing erosion rates in shrub-encroached grasslands (Brock et al., 2014; Emmerich, 1985; 

Herbel, Morton, & Gibbens, 1985; Perkins & McDaniel, 2005; Scifres et al., 1979; Sosebee, 

Boyd, & Brumley, 1979). Limited previous research on the ecohydrologic effects of tebuthiuron 

treatments suggests functional differences in hydraulic properties between resource islands and 

their interspaces may persist following herbicide application. Using artificial rainfall, Perkins 

and McDaniel (2005) evaluated the hydrologic impacts of tebuthiuron on creosote bush- (Larrea 

tridentata  (DC.) Coville) encroached grasslands in southern New Mexico. Nearly two decades 

post-treatment, differences in terminal infiltration rates between creosote bush canopy areas and 

adjoining interspaces remained, albeit to a lesser degree when compared to nearby untreated 

sites. 

We sought to expand on this work by comparing ecohydrologic properties over a broad range 

of spatial scales on tebuthiuron-treated and untreated (control) sites in southeastern Arizona, 

USA. Five years following treatment, we quantified hydrologic, soil, and vegetation properties 

influencing cross-scale structural and functional connectivity. We applied artificial rainfall at a 

fine scale (0.5 m2), concentrated flow simulations at a coarse scale (~ 9 m2), and modeled rainfall 

at the hillslope scale (50 m2). Our objectives were to compare and contrast treated and control 

sites with respect to: (i) the magnitude of difference in structure and hydrologic function of 
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resource islands and their interspaces at the fine scale, (ii) the structural and functional 

connectivity of interspace areas at the coarse scale, and (iii) the extent to which measured 

differences in structural and functional connectivity at fine and coarse scales are manifested in 

hillslope-scale runoff and erosion. We hypothesized that five years after treatment:  

• (Hi) differences in structure (i.e. vegetation, ground cover, soil properties) and 

hydrologic function (runoff and soil loss) between resource islands and their 

associated interspaces would be lower on the herbicided site than those on the 

control site, 

• (Hii) structural connectivity of gaps between vegetation would be lower on the 

treated site and result in less overland flow and sediment yield, and  

• (Hiii) runoff and sediment yield at the hillslope scale would be lower on the 

herbicided site. 

Methods 

Study Site 

Experiments were conducted within the 149 km2 Walnut Gulch Experimental Watershed 

(WGEW; https://www.tucson.ars.ag.gov/swrc_site/research/wgew) near Tombstone, Arizona 

(31.6946° N latitude, 110.0052° W longitude, 1420 m MSL). The WGEW is densely 

instrumented and has been maintained since 1953 by the US Department of Agriculture, 

Agricultural Research Service (USDA-ARS; Renard, Nichols, Woolhiser, & Osborn, 2008). 

From 2008-2018, 22% (3,278 ha) of the WGEW was treated with tebuthiuron [Dusty Glidewell 

(USDA-NRCS), pers. comm.]. Our study area overlaps one of these treatments. A road, running 

northwest and southeast, bisects the study area. The northeastern portion of the study site was 

treated with an aerial application of pelletized tebuthiuron (0.84 kg·ha-1 active ingredient) in 
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March 2013 (Fig. 1). The southwestern portion was left untreated and served as a ‘control’ for 

this study. All data were collected between May 31 and July 25, 2018. 

Precipitation (PPT) at the WGEW is bimodal with ~ 66% falling from July through 

September as short-duration, intense, localized, convective thunderstorms via the North 

American Monsoon (Adams & Comrie, 1997; Goodrich et al., 2008). Winter PPT occurs as low-

intensity, long-duration, slow-moving frontal events. Snow fall is infrequent and melts rapidly. 

Mean annual temperature is 17.5° C. The study site received 298 mm mean annual precipitation 

from 2000-2018 (USDA-ARS-SWRC, 2019). Annual precipitation was 5% above this long-term 

mean during the years between the treatment (2013) and when our experiments were conducted 

(2018). 

 The study site represents the Limy Slopes 12-16” (305 mm – 406 mm) PPT zone 

ecological site (R038XA126AZ) within Major Land Resource Area 41-3, Southern Arizona 

semi-desert grassland (USDA-NRCS, 2017). Soils are coarse-loamy, mixed, superactive, thermic 

Ustic Haplocalcid (Luckyhills series). The parent material is alluvium eroded from Gleeson 

Road conglomerate (Osterkamp, 2008). Mean coarse-scale slope inclination was 11% (range = 

9% - 13%). The plant community within the control site was a whitethorn acacia (Vachellia 

constricta (Benth.) Seigler & Ebinger) shrubland. Nearby studies suggest the site would have 

historically been a C4 grassland (Biedenbender, McClaran, Quade, & Weltz, 2004) that 

underwent a conversion to a shrubland by 1960 (King et al., 2008). Co-dominant shrub/sub-

shrubs included mariola (Parthenium incanum Kunth) and desert zinnia (Zinnia acerosa (DC.) 

A. Gray). Bush muhly (Muhlenbergia porteri Scribn. ex Beal), three-awns (Aristida spp.), and 

fluffgrass (Dasyochloa pulchella (Kunth) Willd. ex Rydb.) are common native grasses; non-

native Lehmann lovegrass (Eragrostis lehmanniana Nees) was not observed on the control site 
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but was abundant on the herbicided site (Figs. 1b & 2b). The study area was lightly grazed by 

cattle pre- and post-treatment. 

Fine-Scale Experiments 

Stratified random sampling was used for all fine-scale (0.5 m2) measurements with two microsite 

strata: 1) canopy – areas around an existing (control) mature shrub canopy (whitethorn acacia or 

mariola) or previously covered by shrub canopy (herbicided site); and 2) interspace – areas 

between mature shrubs with exposed soil, rock, and sparse herbaceous vegetation (Fig. 2). 

Immature shrubs and short-lived sub-shrubs (e.g. desert zinnia) could occur in either strata. The 

fine-scale plot size (0.5 m2) was chosen to ensure measurements were made within a single 

stratum, while being large enough to quantify rainsplash runoff and erosion processes. Bounded 

steel plots (0.5 m2, 0.75 m x 0.75 m) were inserted 5 cm into the soil with 10 cm protruding 

above the surface on three sides. The open side was oriented downslope and attached to a runoff 

collection trough. Plots were nested entirely within a designated microsite type. Minimally 

disturbed areas along each plot border were filled with sieved soil and sealed with diluted 

concrete bonding adhesive to avoid detachment of disturbed soil particles.  

Canopy and ground cover, surface roughness, and slope inclination were quantified using a 

square point frame (0.5 m2) with fifteen parallel (5 cm apart) downslope transects intersected 

perpendicularly by seven parallel transects (10 cm apart) for a total of 105 sampling points at the 

transect intersections (Mueller-Dombois & Ellenberg, 1974). Canopy and ground cover by 

species were derived as defined in line-point intercept methods (Herrick et al., 2017). Litter 

immediately overlaying the ground surface was included in ground cover. Detached litter not 

directly overlaying the ground surface was included in canopy cover. A point was considered 

bare soil where soil was exposed at the ground surface. Bare soil points where pins did not 
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intercept plant canopies or litter were classified as bare ground (Herrick et al., 2017). A leveled 

datum was placed above each plot and surface elevations relative to the datum were measured at 

each point. Slope inclination was calculated as the mean of the 15 downslope transects. Surface 

roughness was calculated as the mean of the root mean squared errors of the previously fitted 

slopes fitted to each transect. Soil water repellency was assessed on a subset of randomly 

selected canopy and interspace microsites using the Water Drop Penetration Time (WDPT) test 

(DeBano, 1981). All soils were immediately wettable. Litter depths (ground surface litter) were 

measured with a ruler outside of each plot at eight evenly spaced locations. Soil aggregate 

stability was measured as per Herrick et al. (2017) on surface samples (n=6) collected adjacent to 

each plot. For each microsite, bulk density and soil texture (0-5 cm depth) were determined at 

random locations. Bulk density was measured using the compliant cavity method (National Soil 

Survey Center, 1996). Soil texture, determined by the hydrometer method (Gavlak, Horneck, & 

Miller, 2005), averaged 81% sand, 12% silt, and 7% clay (loamy sand) and was statistically 

comparable between microsites and treatments. 

Fine-scale rainfall simulations were conducted to assess infiltration and runoff rates on 

canopy and interspace microsites and to determine their vulnerability to splash-sheet erosion 

processes. Rainfall applications and simulator calibrations were completed using methods of 

Pierson et al. (2008). An oscillating-arm rainfall simulator equipped with a VeeJet 80-100 nozzle 

was used for all simulations (Meyer & Harmon, 1979). Immediately before simulations, soil 

samples (0-5 cm) were collected to quantify antecedent soil moisture (gravimetric). Samples 

were sealed in soil cans and transported to the lab where they were weighed, dried at 100° C, and 

then re-weighed. Soil moisture was < 5% for all plots. A sequence of 45-min rainfall simulations 

were applied to each plot at target rainfall intensities of 64 mm·h-1 (dry run), 100 mm·h-1 (wet 
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run), and 120 mm·h-1 (very wet run). Per rainfall intensity-duration-frequency relationships 

estimated for nearby Tombstone, AZ (Bonnin et al., 2011), for a 100 yr-return interval storm, 

durations of 60, 30 and 25 min are associated with the target rainfall intensities applied during 

dry-, wet-, and very wet-runs, respectively (Fig. 4). The range of rainfall intensities were chosen 

to provide a rough estimate of the rainfall intensity required to induce a runoff response, as well 

as to approximate the maximum infiltration capacity of canopy and interspace soils. Simulation 

runs were separated by ~ 15 min to allow for measurement of the soil wetting front depth. 

Between the dry and wet runs, soil wetting fronts were assessed by excavating a 20 cm (depth) x 

50 cm (length) trench adjacent to each plot (Pierson, Robichaud, Moffet, Spaeth, Williams, et al., 

2008). Visibly wetted soil along each trench face was noted in 4-cm2 grid cells. The percentage 

of wetted grid cells was calculated at 2-cm depth intervals. 

Timed runoff samples were collected from a sampling tray installed at the downslope-end of 

each plot. Samples were obtained at 0.5-1-min intervals until runoff reached apparent steady-

state, at which point sampling intervals were lengthened to 1-3-min. At the end of each run, 

saltated sediment remaining on the sampling tray and the downslope plot border was washed into 

a collection bottle and subsequently dried and sediment weighed. The samples (sealed runoff 

bottles) were transported to the lab, weighed, dried at 100° C, re-weighed, cleaned, and then 

weighed a final time. For each run on each plot, infiltration, runoff, and soil loss estimates were 

determined from the timed runoff samples. Runoff volumes (mm) and sediment concentrations 

(g·L-1) were calculated assuming a water density of 1 g·mL-1. The timed sample collections were 

then interpolated to develop hydrographs and sedigraphs. Cumulative runoff (mm) and 

cumulative sediment yield (g) were calculated as the integration of the respective hydrograph or 

sedigraph. Saltated sediment was added to the cumulative sediment yield. Infiltration rates 
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(mm·h-1) for each collection interval were calculated as the difference between the rainfall 

intensity (mm·h-1) and runoff rate (mm·h-1). A terminal infiltration rate (mm·h-1) was the 

calculated infiltration rate 45 min into each run. Time to runoff (min) was calculated as the time 

elapsed from the beginning of the run until runoff was first observed at the plot outlet.  

Coarse-Scale Experiments 

Concentrated flow plots 2 m wide × 4.5 m long were randomly located and installed as per 

Williams et al. (2020). Each plot was large enough to contain both canopy and interspace strata. 

The borderless plots were installed with the long axis perpendicular to the hillslope contour and a 

steel “V-shaped” runoff and sediment collection trough inserted 5 cm into the soil at the 

downslope base. Collection troughs spanned the 2-m plot width and routed runoff and sediment 

to the plot outlet over its metal surface. 

Canopy cover, ground cover, and the distance between the bases of live vegetation (basal 

gaps) were measured along nine parallel transects (20 cm apart) oriented downslope on each 

plot. Cover (line-point intercept) was recorded at 20 cm intervals along each transect as 

described earlier. Basal gaps ≥ 20 cm were recorded along each transect. Gap lengths were then 

binned into gap size classes of 25-50 cm, 51-100 cm, 101-200 cm, and 201-450 cm (Herrick et 

al., 2017). The sums of the lengths in each gap size class were divided by the sum of the transect 

lengths within each plot to determine the proportion of the sampled area occupied by the 

respective gap size classes (Herrick et al., 2017). Relative elevations were measured along five 

of the transects using a transit and stadia rod. Slope inclination and surface roughness were 

calculated as described earlier. 

Concentrated overland flow experiments (Williams, Pierson, Kormos, Al-Hamdan, & 

Johnson, 2020) were conducted to determine the extent to which the functional connectivity of 
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coarse-scale runoff and erosion processes might differ on control and herbicide-treated sites. 

Immediately prior to simulations, plots were gently sprinkled with water to ~ 11% gravimetric 

water content (as might occur early in a PPT event prior to runoff being generated). Regulated 

concentrated flow was released onto wetted plots through a metal box filled with polystyrene 

foam pellets that dissipated the energy from the pressurized water source. The flow was released 

4 m directly upslope from a runoff collection point at the base of the “V-shaped” collection 

trough. Concentrated flow rates (12-min durations) of 15, 30, and 40 L·min-1 were released 

consecutively. Flow hydraulic measurements were taken along a transect placed on the contour 3 

m downslope of the release point. These included total rill area width (distance between farthest 

edges of flow paths; Pierson, Robichaud, Moffet, Spaeth, Hardegree, et al., 2008) and flow 

depths measured with a ruler (6-8 measurements per flow path). Overland flow velocity was 

measured using timed releases of a concentrated salt solution (CaCl2, ~ 50 mL). Two electrical 

conductivity (EC) probes were placed in the fastest flow path (as determined by yellow dye 

visual tracer) at a transect 1-m downslope of the flow release point and two more at the 3-m 

transect. The transit time of the salt solution was then measured (Williams, Pierson, Kormos, et 

al., 2020). The fastest flow path velocity (m·s-1) was calculated as the distance between transects 

divided by the transit time. Runoff and sediment samples were collected and processed as 

described for the fine-scale experiments. Cumulative runoff (L) and sediment yields (g) were 

calculated over the first 8-min after runoff was initiated at each flow rate (Pierson et al., 2015, 

2010). 

Rangeland Hydrology and Erosion Model (RHEM) 

Hillslope-scale runoff and erosion were modeled with the Rangeland Hydrology and Erosion 

Model (RHEM) executable Version 2.3 (Hernandez et al., 2017). RHEM is a hillslope-scale, 
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process-based event runoff and erosion model developed specifically for rangelands and 

extensively tested and validated, in part, with data from the WGEW (Hernandez et al., 2017). 

RHEM consists of a four-part modelling process: 1) the user inputs soil attributes, ground and 

foliar cover, slope dimensions, and rainfall intensity and duration, 2) through a series of 

empirical relationships (Al-Hamdan et al., 2017, 2013; Hernandez et al., 2017; Stone, Lane, & 

Shirley, 1992), hydrologic and erosion model parameters are estimated from the user inputs, 3) 

the core RHEM engine models infiltration, overland flow generation, splash and sheet erosion, 

and concentrated flow erosion over the duration of the rainfall event, and 4) outputs infiltration, 

runoff, and erosion rates and cumulative totals. Mean coarse-scale attributes specific to the 

control or herbicided sites were used as inputs to the parameter estimation equations (see 

Supplemental Table 1 for all RHEM inputs).  For all model runs, soil texture was classified as 

loamy sand; hillslopes were modeled as a uniform rectangular plane (50 m x 1 m) with an 

inclination of 11% (consistent with our experimental sites). To facilitate comparisons between 

the fine- and hillslope-scale hydrologic responses, we used rainfall events with traits matching 

our fine-scale rainfall simulations (64, 100, 120 mm·h-1 intensities; 45 min duration). 

Statistical Analyses 

Microsite comparisons for fine-scale experiments were conducted via one-way Analysis of 

Variance (one-way ANOVA). Post-hoc pairwise comparisons were conducted using Tukey’s 

honestly significant difference (Tukey’s HSD; Tukey, 1949). Assumptions of normality were 

tested via the Shapiro-Wilk test (Shapiro & Wilk, 1965) and visual examination of normal Q-Q 

plots. Homogeneity of variance between groups was assessed via Levene’s Test. Where 

assumptions of normality and equality of variances were not met, response variables were 

transformed using the Box-Cox algorithm (Box & Cox, 1964). Where normality assumptions 
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were not resolved, the non-parametric, Kruskal-Wallis rank sum test (Kruskal & Wallis, 1952) 

was used. If significant, pairwise comparisons were completed with the Mann-Whitney U test 

and Holm’s (Holm, 1978) correction for controlling the familywise error rate. 

Treatment comparisons for coarse-scale experiments were conducted via a two-sample t-test. 

Assumptions of normality were assessed, and transformations (preceding paragraph) used as 

needed. Homogeneity of variance was assessed via the F-test for Equality of Two Variances. 

Where transformations were ineffective, the non-parametric, Mann-Whitney U test (Mann & 

Whitney, 1947) was used. Linear relationships between variables were evaluated using 

regression analysis. An α-level 0.05 was used for all statistical tests. All data are reported back-

transformed. R (version 3.6.2) was used for all statistical analyses. 

Results 

Fine-Scale Vegetation and Ground Cover 

At the fine scale, vegetative cover in the canopy and interspace microsites were more similar and 

greater on the tebuthiuron-treated site than the control (Table 1). Canopy cover was highest on 

the herbicided canopy microsites (96%) and slightly lower on the untreated canopy microsites 

(78%; Table 1), whereas tebuthiuron-treated interspaces had substantially greater total canopy 

cover (84%) than the control interspaces (32%). Underlying the measured differences between 

treatments in total canopy cover are contrasting dominant plant functional types in the control 

and brush management site (Fig. 1). On the untreated control, shrub canopy cover was 66% and 

17% in the canopy and interspace microsites, respectively; however, shrub cover was only 2% in 

the herbicided interspaces and 0% in the canopy microsite. Within the tebuthiuron-treated site 

grass canopy cover (75% canopy, 25% interspace) was the largest contributor to the greater total 

canopy cover. Grass canopy cover was 12% in the untreated canopy microsite and negligible in 
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the untreated interspaces (Table 1).  Both bush muhly (41%) and Lehmann lovegrass (31%) were 

significant components of the grass cover measured in the herbicided canopy microsite, while 

Lehmann lovegrass (16%) accounted for the majority of the grass cover in the tebuthiuron-

treated interspaces (Table 1). Treatment differences also extended to many of the ground cover 

measurements. For example, bare ground was lower in both the herbicided canopy (3%) and 

interspace (9%) microsites relative to the respective untreated microsites (13% canopy, 41% 

interspace). There were several exceptions to the observed structural differences between the 

tebuthiuron-treated and untreated sites. Within the herbicided and untreated canopy microsites, 

bare soil, rock and litter ground cover, litter depth, soil aggregate stability, bulk density, and 

surface roughness were statistically comparable, while interspace measures of these variables 

were significantly different only for rock and litter ground cover and litter depth. 

Coarse-Scale Vegetation and Ground Cover 

At the coarse scale (~ 9 m2), consistent with fine-scale measurements, the tebuthiuron-treated site 

had greater vegetative cover and was dominated by grasses rather than shrubs (Tables 1 & 2). 

Total canopy cover was greater within the herbicided site (78%) relative to the untreated site 

(56%). Shrubs were the most prominent plant functional type in the control (40% canopy cover) 

but were virtually absent in the treated area (< 1% canopy cover). In contrast, grass canopy cover 

was 61% in the herbicided site and only 13% in the control. Canopy cover of the most frequently 

encountered native grass species, bush muhly, was statistically comparable between treatments 

(Table 2). Much of the difference in grass canopy cover between the control and the brush 

management site was due to a considerable amount of non-native Lehmann lovegrass in the 

herbicided site (0% in control; 44% in tebuthiuron treatment). Prominent shrub species on the 
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control site, whitethorn acacia (18%), desert zinnia (14%), and mariola (10%) were either absent 

on the tebuthiuron-treated site or only recorded in trace amounts. 

Ground cover was also significantly greater in the tebuthiuron-treated site than the control 

(Table 2). Notably, the herbicided site (9%) had much more basal cover than the control (1%). 

Litter cover in the tebuthiuron treatment (17%) was also more expansive than in the control 

(4%). As a result, exposed rock cover was less in the herbicided site (20%) relative to the control 

(35%), and bare ground was nearly half that recorded within the control (Table 2). The structural 

connectivity of bare ground was also substantively different between the control and the 

tebuthiuron treatment. The distribution of basal gap lengths skewed toward the shorter basal gap 

size classes (25-50 cm and 51-100 cm) and fewer basal gaps in the longer basal gap size classes 

(101-200 cm and 201-450 cm) in the treated site (Fig. 3). Surface roughness was comparable on 

treated and control sites and similar to that measured at the fine scale (Tables 1 and 2). 

Fine-Scale Rainfall Simulations 

Although fine-scale structural differences between the brush management and control sites were 

found in both microsites, functional differences, as measured by rainfall simulations, were 

concentrated within the canopy microsite (Table 3; Figs. 4 and 5). Substantial differences in 

infiltration rates between treated and untreated canopy microsites resulted in a greater disparity 

in interspace and canopy microsite runoff within the tebuthiuron treatment (Figs. 4b-c). At 

rainfall intensities of 100 and 120 mm·h-1, cumulative runoff within canopy microsites was 80% 

and 70% less in the herbicided site relative to the control, respectively. In contrast, cumulative 

runoff within interspaces was statistically comparable on both sites at all rainfall intensities 

(Table 3). Within both the untreated and treated sites, interspace runoff exceeded that coming 

from canopy microsites for both wet and very wet runs (Table 3). Grass foliar cover was a strong 
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predictor of cumulative runoff within the canopy microsites, as demonstrated by the negative 

linear relationship between the variables during the very wet run (Fig. 5a; R2 = 0.70, P < 0.001).  

No such relationship was found within the interspaces (Fig. 5a). Site and microsite differences in 

runoff and sediment response were not evident at the 64 mm·h-1 rainfall intensity (Table 3; Figs. 

4a, 4d, and 4g), where 35 of the 41 total plots failed to generate runoff, including all of the 

canopy microsite plots. Terminal infiltration rates plateaued after the wet run for all microsites 

except for the canopy microsites on the tebuthiuron-treated area, where it increased from 97 

mm·h-1 (wet run) to 105 mm·h-1 (very wet run; Table 3, Figs. 4a-4c). Two plots within this 

microsite failed to generate runoff even after applying 213 mm of simulated PPT over 2.25 h. 

Wetting fronts (> 90% of trench cells wetted) penetrated 12 cm after the dry run and were 

statistically comparable for both microsites on both sites (Supplemental Figure 1).  

 Limited runoff (Fig. 5b) resulted in the conservation of soil within the tebuthiuron-treated 

canopy microsites (Table 3). Cumulative sediment yields within the treated canopy microsites 

were 88% and 86% less than that on the non-herbicided site during wet and very wet runs, 

respectively. This contrasts with the interspaces where cumulative sediment yields were 

statistically comparable between the tebuthiuron-treated and control sites at all rainfall 

intensities. Within the tebuthiuron-treated sites, cumulative sediment yields were greater from 

interspaces than from the canopy microsites during wet and very wet runs, whereas microsite 

differences on the control site were only observed during the wet run (Table 3). With the 

exception of the tebuthiuron-treated canopy microsite during the very wet run, mean sediment 

concentrations were statistically comparable and contributed to a strong positive linear 

relationship between cumulative runoff and cumulative sediment yield (R2 = 0.64, P < 0.001; 

Fig. 5b).  
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Coarse-Scale Overland-Flow Simulations 

Despite considerable inter-plot variation, overland-flow simulations at the coarse scale showed 

sediment connectivity was limited in the brush management site (Table 4). Cumulative runoff, 

cumulative sediment yields, sediment concentrations, and fastest flow velocities were generally 

less within the tebuthiuron treatment than the control at all flow rates, although statistical 

differences were limited to cumulative sediment yields and sediment concentrations at 30 and 40 

L·min-1 flow rates. Runoff traversed the plots as diffuse overland flow with no observable rilling 

at any flow rate. Basal cover was a moderate structural control on cumulative runoff, as 

evidenced by the negative linear relationship at the highest flow rate (R2 = 0.37, P = 0.03; Fig. 

6a). Cumulative runoff, in turn, was positively correlated with flow velocity at all flow rates (R2 

= 0.72, P < 0.001; Fig. 6b). A similar positive relationship was found between flow velocity and 

cumulative sediment yield (R2 = 0.63, P < 0.001; Fig. 6c). Cumulative runoff also increased 

within increasing basal gap length. Figure 7 illustrates the impact of increasing basal gap lengths 

on cumulative runoff during the 40 L·min-1 flow rate. The slope of the basal gap lengths - 

cumulative runoff relationship shifts from negative to positive with increases in basal gap size 

classes. This culminates in a clear positive relationship between the proportion of transects 

occupied by gap lengths of 201 to 450 cm and cumulative runoff (R2 = 0.52, P < 0.01; Fig. 7d).  

Hillslope Scale Rangeland Hydrology and Erosion Modelling (RHEM) 

RHEM-modeled hillslope-scale runoff and erosion indicated lower sediment connectivity and the 

potential for soil loss on the tebuthiuron-treated site (Table 5). Trends were consistent across 

rainfall intensities, so results from the 120 mm·h-1 design rainfall event are highlighted here. 

Cumulative sediment yield in the herbicided area was 44% less than that on the untreated control 

site. This was driven by the lower (47% less) splash and sheet erodibility coefficient (Kss) on the 
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treated site.  In contrast, cumulative runoff was nearly identical on herbicided and control sites, 

as was saturated hydraulic conductivity (Ke; Table 5), the primary controlling parameter on 

infiltration.  

 

Discussion 

Fine-Scale Functional Heterogeneity Persists 

Counter to hypothesis Hi, the hydrologic function of resource islands (i.e. canopy microsites) and 

their adjoining interspaces was not more homogenous on the herbicided site. In fact, 

heterogeneity was greater than that on the control site. Differences in cumulative runoff (sum of 

all runs) between microsites were 68% greater in the treated area than the control (Table 3). 

Differences in sediment yields (sum of all runs) were 154% greater on the herbicide-treated site. 

This increase in the spatial heterogeneity of hydraulic function resulted from the amplification of 

resource conserving traits in canopy microsites post-brush management, while gains in 

interspace hydrologic function were modest or negligible (Table 3). Perkins et al. (2005) 

reported a similar pattern 5-9 years after tebuthiuron applications in southern New Mexico, 

although much of the gains in hydrologic function within the canopy microsites were lost by 18 

years. 

 Measures of canopy and ground cover generally suggest the structure of interspaces and 

resource islands became more homogenous after brush management. The amount of litter, rock, 

bare ground, and total canopy cover were more similar between microsites in the treatment than 

the control. However, the preferential recruitment of grasses (primarily bush muhly and 

Lehmann lovegrass) into the canopy microsites accounted for a considerable amount of the 

functional response to the treatment (Fig. 5a). Of note, grass cover in the interspaces was not 
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correlated with cumulative runoff (Fig. 5a) and its covariate cumulative sediment yield (Fig. 5b). 

This suggests a potential interaction between increases in grass cover and other structural traits 

associated with canopy microsites. We suspect this interaction is between grass cover and 

macropores within resource islands. Previous research in semiarid ecosystems (e.g. Eldridge et 

al., 2010; Marquart et al., 2020; Vandandorj, Eldridge, Travers, Val, & Oliver, 2017) showed the 

number and size of macropores are greater underneath shrub canopies than bare areas. Although 

macropores were not directly measured in our study, analysis of terminal infiltration rates helps 

to isolate the contribution of soil hydraulic properties to the partitioning of runoff. The very wet 

run terminal infiltration rate provides a measurement point where the storage capacity of 

aboveground vegetation and litter has been exceeded and interception and throughfall rates are 

likely equal. In the herbicided area, the terminal infiltration rate within the resource islands was 

nearly double that of the interspaces (Table 3) even though soil structural characteristics that 

govern flow through micropores (i.e. soil texture and bulk density) were statistically comparable 

(Table 1). A more plausible explanation is that increased stemflow (Liang, Kosugi, & 

Mizuyama, 2009) and modifications to vegetative surface roughness (Beven & Germann, 1982) 

associated with increased grass cover promoted macropore flow. In other words, disruptions in 

structural connectivity aboveground increased functional connectivity belowground.  

Basal Gaps are Predictive of Concentrated Overland Flow 

The strong fine-scale hydrologic response to the herbicide treatment was less evident in the 

concentrated flow experiments at the coarse scale. Although concentrated flow metrics were 

generally statistically comparable, they consistently trended towards more resource-conserving 

characteristics (Table 4). Differences in cumulative runoff between the brush management site 

and control were limited as compared to the statistically significant differences in cumulative 
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sediment yield and sediment concentration at 30 and 40 L·min-1 flow rates. This suggests the 

herbicide treatment may have lessened the ability of the concentrated overland flow to entrain 

sediment. Within the brush management area, decreasing sediment concentrations after 

successive overland flow simulations are evidence of sediment winnowing and supply-limited 

conditions (Table 4). This contrasts with near-constant sediment concentrations within the 

control, which may reflect greater sediment supply and/or heightened transport capacity. 

Statistically similar fastest flow velocity measurements (Table 4) do not necessarily indicate 

similar overland flow transport capacity between treatments. Since velocity measurements were 

taken in the flow paths with the fastest flow velocity, measurements may not be representative of 

the mean flow velocity for the entire distribution of flow paths, which may have obscured slower 

diffuse overland flow in the tebuthiuron treatment. A first-order approximation of the mean 

velocities from measurements of flow widths, depths, and discharge suggests this may be the 

case. Abrahams et al. (1995) reported interrill flow velocities in a grassland at the WGEW were 

lower than those in a shrubland and attributed it to grass roughness elements interacting with the 

entire flow depth. Regardless of relatively loose constraints on overland flow velocity, empirical 

relationships between runoff, fastest flow path velocity, and sediment yield were demonstrated 

by strong linear relationships between the flow variables (Figs. 6b and 6c).  

In undisturbed rangelands, concentrated overland flow detaches less sediment than rainsplash 

processes (Al-Hamdan et al., 2017; Pierson, Robichaud, Moffet, Spaeth, Hardegree, et al., 2008). 

Low sediment discharge rates and the absence of rill development indicate detachment by 

concentrated overland flow was not a prominent process in either the control or herbicide 

treatment areas. However, the potential for greater concentrated overland flow within the control 

may provide additional transport capacity for rainsplash detached sediment (Parsons, Abrahams, 
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& Luk, 1991). Splash-sheet erosion levels from the fine-scale experiments (Table 3) indicate 

potentially less splash-sheet detached sediment was available for transfer to the coarse scale in 

the tebuthiuron treatment relative to the control. Splash-sheet sediment delivery from canopy 

microsites was more than eight-fold greater in the control than treatment (Table 3), and these 

areas comprised ~ 40% of hillslope area (Table 2). Assuming in the treatment a lesser 

contribution of splash-sheet sediment from the fine scale (Table 3) and reduced coarse-scale 

flow-detached sediment (Table 4), combined splash-sheet and concentrated flow detached 

sediment sources likely were less along hillslopes in the tebuthiuron treatment than in the 

control. Similar differences in splash-sheet erosion levels, hillslope runoff, overland flow 

hydraulics, and sediment delivery have been reported for grasslands and shrub-encroached 

grasslands in other WGEW studies (Abrahams et al., 1995; Wainwright et al., 2000). Likewise, 

Turnbull et al. (2010) found that grassland-to-shrubland transitions on hillslopes in New Mexico, 

USA increased hillslope runoff and the capacity of overland flow to detach, entrain, and 

transport sediment downslope 

A much clearer treatment response is evident from structural controls on coarse-scale 

hydrologic connectivity. Figure 3 highlights the shortening of basal gap lengths within the 

herbicided site relative to the control site, which supports Hii. Although basal cover was a 

moderate predictor of cumulative runoff (Fig. 6a), bare ground connectivity exerted a stronger 

control over overland flow dynamics. Short basal gap lengths limited cumulative runoff, whereas 

longer basal gap lengths were positively related to cumulative runoff (Fig. 7). A similar 

relationship was observed with gap classes and cumulative sediment yield, suggesting the bare 

ground connectivity relationship holds for both runoff and sediment. The slopes of these 

relationship begin to change from negative to positive as the abundance of basal gap classes ≥ 1 
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m increases. This indicates a 1 m basal gap threshold, above which concentrated flow processes 

might be more active. Further use of basal gap measurements (Herrick et al., 2017) may help 

identify whether this threshold is local and site-specific or a broadly robust indicator of 

rangeland susceptibility to concentrated overland flow.  

Sediment Connectivity Disrupted 

Modeled hillslope-scale runoff and erosion indicate a divergence in hydrologic and sediment 

connectivity post-brush management. Counter to Hiii, hillslope runoff was nearly identical 

between the control and brush management site. However, consistent with Hiii, sediment yield 

was significantly less within the herbicide site (Table 5). RHEM parameter estimation equations 

provide a framework for relating structural components of rangeland hillslopes (e.g. soil texture, 

basal cover, and litter cover) to functional hydrologic and sediment responses (e.g. runoff, 

infiltration, and sediment yield). Examination of these structure and function relationships 

provide insight on how fine- and coarse-scale hydrologic processes are manifested at the 

hillslope scale. 

Infiltration predicted by RHEM is strongly governed by the effective saturated hydraulic 

conductivity (Ke) parameter estimated by: 

𝐾𝐾𝑒𝑒𝑖𝑖 =  𝐾𝐾𝑏𝑏𝑖𝑖 𝑒𝑒
[𝑝𝑝𝑖𝑖(𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑒𝑒𝑙𝑙+𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑙𝑙)] 

where Kbi is the 25th percentile saturated hydraulic conductivity (Rawls, Gimenez, & Grossman, 

1998) for the soil class, i, and p is the natural log of the ratio of the 75th to the 25th percentile 

saturated hydraulic conductivity values. Although the sum of litter and basal cover was 5% in the 

control and 26% in the herbicided site, Ke is largely insensitive to these changes, which is 

consistent with initial applications of RHEM to 124 hillslopes in Arizona and New Mexico 

(Hernandez et al., 2017). Furthermore, calculated initial Ke values are multiplied by 1.2 for shrub 
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communities to account for greater hydraulic conductivity in shrublands when differences in 

cover and soils are controlled for (Nearing et al., 2011). This final adjustment results in 

approximately equal final Ke values on the herbicided and control sites (Table 5). Our fine-scale 

measurements provide evidence that herbicide applications are a unique case where the 

infiltrability of shrub microsites are preserved or enhanced after their conversion to grass. 

However, the post-calculation adjustments of RHEM Ke values may not account for path 

dependencies of shrubland to grassland ecological state transitions. In this case, infiltrability 

within the tebuthiuron-treated area may be underestimated, while remnant shrubland structural 

attributes (e.g. macropores) persist.  

 Al-Hamdan et al. (2017) related slope, ground cover, and foliar cover to splash and sheet 

erodibility (Kss) in RHEM through a series of regression equations specified by plant community 

and a ground cover threshold (47.5%). For brevity, we only discuss the equation employed in our 

analysis (ground cover ≤ 47.5%) and introduce the intercept β, which is adjusted based on plant 

community:  

log10 𝐾𝐾𝑏𝑏𝑏𝑏 = 𝛽𝛽 − 2.547𝐺𝐺 − 0.7822𝐹𝐹 + 2.5535𝑆𝑆 

Where G, F, S are fractional expressions of ground cover, foliar cover, and slope inclination, 

respectively. Values for β are 4.1540 and 4.2587 in a bunchgrass and shrub community, 

respectively (Hernandez et al., 2017). Kss values are calculated for all plant communities and a 

weighted average by plant functional type is determined. Kss was much more responsive to 

changes in cover than Ke, since Kss in the herbicided site was nearly half of the value estimated in 

the control. The lower estimate of Kss within the herbicided site drove the large difference in 

modeled sediment yield. The relationships between ground and foliar cover and Kss and modeled 

cumulative sediment yield are consistent with similar relationships between cover variables and 
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sediment yield observed at the fine and coarse scales (Figs. 5 and 6). Unlike other brush 

management methods (e.g. prescribed fire and mechanical treatments), short-term retention and 

recruitment of ground and foliar cover post-herbicide application provides persistent protection 

against splash and sheet erosion processes (O’Dea & Guertin, 2003; Pierson, Moffet, Williams, 

Hardegree, & Clark, 2009; Wood, Garcia, & Tromble, 1991). This helps to limit sediment 

availability and soil loss even if the potential for and magnitude of runoff is largely unchanged 

post-treatment. 

 The routing of runoff and sediment in RHEM is predicted via a kinematic wave model 

where rainfall excess is related to volumetric water flux through the introduction of the total 

Darcy-Weisbach friction factor (ft) (Hernandez et al., 2017). This parameter represents the 

effects of roughness elements along a hillslope on runoff and erosion processes. Al-Hamdan et 

al. (2013) estimated ft as: 

log(𝑓𝑓𝑙𝑙) =  −0.109 + 1.425𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑒𝑒𝑙𝑙 + 0.442𝑙𝑙𝑟𝑟𝑟𝑟𝑟𝑟 + 1.764(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑙𝑙 + 𝑟𝑟𝑙𝑙𝑐𝑐𝑐𝑐𝑙𝑙𝑟𝑟𝑐𝑐𝑏𝑏𝑐𝑐𝑏𝑏) + 2.068𝑏𝑏𝑙𝑙𝑟𝑟𝑐𝑐𝑒𝑒 

where all variables are expressed as a fraction. After accounting for slope inclination, estimates 

of ft are most sensitive to changes in basal and cryptogam cover. These cover values were 1% in 

the control and 9% in the tebuthiuron treatment (cryptogram cover was negligible in both 

treatment sites; Table 2). This was accompanied by much greater litter cover in the herbicided 

site (4% to 17%; Table 2). Finally, rock cover, the least impactful variable, was 35% in the 

control and 20% in the tebuthiuron treatment (Table 2). These structural differences were 

manifested as an estimated 77% greater ft in the herbicided site than the control (Table 5). These 

results align with findings at the fine scale where an interaction between grass cover and the 

canopy microsite decreased runoff (Fig. 5a). As sheet-flow interacted with grass basal cover, 

increased surface roughness presumably allowed macropores to activate and infiltration to 
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increase significantly. Although fastest flow path velocity was largely unchanged at the coarse 

scale (Table 4), structural changes to basal gap lengths (Fig. 3) likely induced more tortuous flow 

hydraulics, which are indicative of a greater ft. Abrahams et al. (1995) similarly reported that 

overland flow interacts more with roughness elements in a grassland than a shrubland. They 

noted grassland plants protrude higher above the surface than the predominant gravel cover on 

interspace microsites in the shrubland. These roughness elements worked to decrease the 

velocity and laterally spread overland flow. In our case, modeled reductions of ft. are evidence 

that functional connectivity has been modified by brush management at the hillslope scale. 

Ecological Trajectory Post-Brush Management 

The apparent divergence of structural (e.g. basal gaps reduction), hydrologic (e.g. coarse- and 

hillslope-scale runoff only marginally reduced), and sediment (e.g. decreased splash-sheet and 

concentrated flow detachment) connectivity provide conflicting evidence for whether previously 

described desertification and woody plant encroachment processes (Schlesinger et al., 1990; 

Turnbull et al., 2008) will continue to act upon the ecosystem or whether increasing structural 

connectivity of vegetation will facilitate homogenization of resources (McClaran, Moore-

Kucera, Martens, van Haren, & Marsh, 2008; Throop & Archer, 2007; Williams et al., 2019). A 

notable contrast between the tebuthiuron-treated and the control sites was the considerably 

greater Lehmann lovegrass cover on the herbicided site (Tables 1 and 2). This exotic species may 

play a key role in mediating future structural-functional dynamics governing transitions between 

ecological states.  

The lack of Lehmann lovegrass cover in the control (Tables 1 and 2) indicates the presence 

of shrubs may have restricted Lehmann lovegrass expansion (Cable, 1971; Martin & Morton, 

1993). Upon herbicide-induced shrub mortality, the study site was colonized by Lehmann 
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lovegrass, which would have contributed to the greater structural connectivity of grass and litter 

fuels (Fig. 3). Open canopy germination preferences of Lehmann lovegrass (Roundy, Taylorson, 

& Sumrall, 1992) may have enabled colonization of bare interspace areas, which were deplete of 

soil and water resources necessary for most native grass recruitment. These structural changes 

may facilitate future functional connectivity of wildfire spread, which would potentially prevent 

shrubs from recolonizing and dominating the site (Wilcox et al., 2012). Further, wildfire may 

interact with soil erosion processes during temporary periods of reduced vegetative cover to 

homogenize the future distribution of soil resources (Ravi & D’Odorico, 2009). In addition, 

seedbanks of Lehmann lovegrass have been shown to be more resilient to small sporadic rainfall 

events and drought than native grass species (Abbott & Roundy, 2003). Regional climate change 

projections (Jones & Gutzler, 2016) indicate these traits may further sustain the Lehmann 

lovegrass-induced changes in bare ground connectivity. Structural and functional connectivity in 

the shrubland ecological state -- which drove resource island development at the fine scale, 

heightened hydrologic and sediment connectivity at the coarse scale, and resource depletion at 

the hillslope scale -- has already been modified by Lehmann lovegrass invasion. Further 

expansion of Lehmann lovegrass increases the potential for the sustained transition to a novel 

grassland ecological state. 

Caution should be taken when attempting to extrapolate these results to other brush 

management treatments. The successful recruitment and expansion of herbaceous cover, which 

helped to alter structural and functional connectivity in this study, is dependent upon site-specific 

factors governing restoration potential. Increases in grass cover are not certain to accompany 

shrub mortality post-brush management (Archer et al., 2011). For example, lower elevation 

reaches of WGEW occur below climatic and edaphic thresholds above which grass-dominant 
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ecological states become more likely (King et al., 2008; Pelletier, Nichols, & Nearing, 2016). 

Tebuthiuron applications in these areas may reduce shrub cover without eliciting the desired 

herbaceous response. In this hypothetical case, structural connectivity of bare ground and 

functional connectivity of concentrated overland flow would be expected to increase post-brush 

management in marked contrast to the differences between treatments observed in this study. 

This could result in elevated rates of soil loss and landscape degradation. Additionally, brush 

management typically involves tradeoffs among ecosystem services (Archer & Predick, 2014). 

In this study, mortality of nearly all shrub species and a transition to a Lehmann lovegrass-

dominated ecological state likely increased forage quantity and quality for domestic livestock, 

while other valued supporting ecosystem services (e.g. biodiversity) may have been diminished 

(Archer et al., 2011; Mclaughlin, Steven, & Janice, 2006). Land managers should consider these 

potential tradeoffs and their likelihood before implementation of brush management treatments. 

Water is not the only sediment and nutrient transport vector affected by changes to structural 

connectivity. Many dryland ecosystems are prone to significant resource redistribution by wind 

as well (Webb, Herrick, & Duniway, 2014). Functional connectivity of aeolian processes, like 

that of hydrological processes, has been shown to be modifiable through disruptions in bare 

ground connectivity. Peters et al. (2020) disrupted functional connectivity of erosion processes in 

several shrub-encroached semiarid grasslands primarily susceptible to either alluvial or aeolian 

sediment transport processes. By placing “ConMods” (small hardware cloth structures) in the 

interspaces between shrubs, litter, seeds, and sediment began collecting at all erosionally active 

sites. After a 2-yr lag, perennial grasses began recruiting where resources had accumulated. In 

our study, the functional connectivity of both wind and water resource distributing vectors may 

have been modified by tebuthiuron treatment. Improvements in our knowledge of the relative 
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contribution of aeolian vs. hydrologic resource redistribution vectors and how they are affected 

by land use (e.g. Field, Breshears, Whicker, & Zou, 2011) could strengthen approaches for 

managing and restoring rangelands.    

Summary and Conclusions 

An herbicide brush management treatment in a shrub-encroached semiarid grassland allowed 

for the comparison of cross-scale structural and functional connectivity dynamics in an adjoining 

untreated shrubland and a tebuthiuron-treated grassland. Experiments at the fine scale suggest 

the potential for runoff and splash-sheet sediment detachment are considerably lower within 

treated resource islands and are largely comparable in the interspaces, resulting in greater 

hydrologic heterogeneity in the herbicided site. Structural connectivity of gaps between 

vegetation at the coarse scale was lower in the herbicided site through, in part, the apparent 

colonization of the site by Lehmann lovegrass. This disruption of structural connectivity was 

shown to be correlated with lower runoff from concentrated overland flow. When combining 

concentrated flow and splash-sheet hydrologic processes at the hillslope scale, modeled runoff 

and erosion responses to high-intensity rainfall events indicate similar runoff responses but lower 

potential for soil loss on the tebuthiuron-treated site. Although hydrologic connectivity was not 

definitively found to be different between the control and herbicided sites at coarse and hillslope 

scales, greater grass cover within the brush management treatment ostensibly limited sediment 

detachment and increased surface roughness resulting in lower modeled sediment yield in the 

brush management site.  

Our results provide evidence for a potential restoration pathway for shrub-encroached 

semiarid grasslands, wherein the structural and functional connectivity dynamics enabling the 

development of a shrub-dominated ecological states are disrupted to enable reversion to a 
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grassland state (albeit a novel grassland dominated by a non-native grass). Additionally, we find 

evidence that post-restoration structural connectivity dynamics may be more closely linked to 

sediment connectivity than hydrologic connectivity, at least over the medium-term (5-yr post-

treatment). Further research is needed to assess long-term treatment outcomes and interactions 

with other ecosystem disturbances. More specifically, (i) how are structural and functional 

dynamics of shrub-encroached grasslands subjected to brush management impacted by 

consecutive or concurrent disturbances (e.g. livestock grazing, exotic plant invasion, wildfire, 

drought)? and (ii) how do large-scale brush management applications affect connectivity 

dynamics across even broader spatial scales (i.e. point to watershed scales)?  
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Table 1. Mean (standard error) of fine-scale (0.5 m2) biophysical characteristics of canopy and interspace microsites in 2018 on sites 

treated with tebuthiuron herbicide in 2013 and a nearby untreated control site. Values within rows are not statistically different if they 

share a lower-case letter (α = 0.05). 

Plot Characteristic 
Control Tebuthiuron 

Interspace Canopy Interspace Canopy 
Total canopy cover (%) 32 (6) c 78 (4) b 84 (2) b 96 (1) a 
Shrub canopy cover (%) 17 (6) b 66 (4) a 2 (2) c 0 (0) c 
Grass canopy cover (%) 0 (0) c 12 (5) b 25 (6) b 75 (5) a 
Lehmann lovegrassa canopy cover (%) 0 (0) b 0 (0) b 16 (6) a 31 (9) a 
Bush muhlyb canopy cover (%) 0 (0) b 10 (4) ab 1 (1) b 41 (10) a 
Plant basal cover (%) < 1 (< 1) c 3 (1) b 4 (1) ab 8 (2) a 
Litter ground cover (%) 8 (5) b 19 (6) a 17 (5) a 16 (5) a 
Rock ground cover (%) 27 (4) a 14 (3) b 12 (2) b 11 (2) b 
Bare soil (%) 64 (6) a 64 (7) a 67 (6) a 62 (5) a 
Bare ground (%)c 41 (5) a 13 (2) b 9 (2) b 3 (1) c 
Cryptogam cover 0 (0) a 0 (0) a 0 (0) a 0 (0) a 
Litter depth (cm) 0.1 (< 0.l) b 0.4 (0.1) a 0.3 (0.1) a 0.6 (< 0.1) a 
Soil aggregate stability class (1-6)d 3.9 (0.2) b 4.5 (0.3) b 5.4 (0.1) a 5.8 (0.1) a 
Bulk density (g·cm-3) 1.58 (0.08) a 1.50 (0.07) a 1.41 (0.07) a 1.38 (0.05) a  
Surface roughness (cm) 1.2 (0.1) a 1.3 (0.2) a 1.0 (< 0.1) a 1.4 (0.1) a 
Slope inclination (%) 10.4 (0.4) b 13.0 (1.6) ab 13.2 (0.8) ab 17.9 (1.2) a 
Number of plots 10 11 10 10 

a Eragrostis lehmanniana Nees 

b Muhlenbergia porteri Scribn. ex Beal 

c Bare ground is defined as points where pin only intercepts bare soil (Herrick et al., 2017). 
d Stability classes: 1) < 10% stable aggregates, 50% structural integrity lost within 5 s; 2) < 10% stable aggregates, 50% structural integrity lost 
within 5-30 s; 3) < 10% stable aggregates, 50% structural integrity lost within 30-300 s; 4) 10-25% stable aggregates; 5) 25-75% stable 
aggregates; 6) 75-100% stable aggregates (from Herrick et al., 2017). 
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Table 2. Mean (standard error) of coarse-scale (~ 9 m2) biophysical characteristics recorded in 

2018 on sites treated with tebuthiuron herbicide in 2013 and a nearby untreated control site. 

Values within rows are not statistically different if they share a lower-case letter (α = 0.05). 

Plot Characteristic Control Tebuthiuron 
Total canopy cover (%) 56 (4) b 78 (2) a 
Shrub canopy cover (%) 40 (5) a < 1 (< 1) b 
Grass canopy cover (%) 13 (6) b 61 (3) a 
Lehmann lovegrassa canopy cover (%) 0 (0) b 44 (5) a 
Bush muhlyb canopy cover (%) 12 (6) a 8 (2) a 
Plant basal cover (%) 1 (< 1) b 9 (2) a 
Litter ground cover (%) 4 (2) b 17 (3) a 
Rock ground cover (%) 35 (4) a 20 (2) b 
Bare soil (%) 59 (3) a 53 (4) a 
Bare ground (%)c 21 (2) a 11 (1) b 
Cryptogam cover 0 (0) a 0 (0) a 
Surface roughness (cm) 1.4 (0.1) a 1.4 (0.1) a 
Slope (%) 10.4 (0.4) a 11.4 (0.3) a 
Number of plots 6 7 

a Eragrostis lehmanniana Nees 

b Muhlenbergia porteri Scribn. ex Beal 

c Bare ground is defined as points where pin only intercepts bare soil (Herrick et al. 2017). 



86 
 

 
 

Table 3. Mean (standard error) of runoff, erosion, and infiltration variables from fine-scale (0.5 

m2) simulations at three rainfall intensities (64, 100 and 120 mm·h-1; 45 min duration) associated 

with canopy and interspace microsites in 2018 on sites treated with tebuthiuron herbicide in 2013 

and a nearby untreated control site. Values within rows are not statistically different if they share 

a lower-case letter (α = 0.05). 

Rainfall simulation variable 
Control Tebuthiuron 

Interspace Canopy Interspace Canopy 
 
64 mm·h-1, 45 min 
Cumulative runoff (mm) 1 (1) a 0 (0) a 1 (1) a 0 (0) a 
Runoff-to-rainfall ratio (mm·mm-1) < 0.1 (< 0.1) a 0 (0) a < 0.1 (< 0.1) a 0 (0) a 
Terminal infiltration rate (mm·h-1) 61 (2) a 63 (1) a 62 (2) a 65 (1) a 
Time to runoff (min)a 26.8 (6.0) a - 26.0 (4.0) a - 
Cumulative sediment yield (g) 1 (1) a 0 (0) a 1 (< 1) a 0 (0) a 
Mean sediment concentration (g·L-1)a 0.53 (0.18) a - 0.31 (0.16) a - 
Proportion of plots with runoff (%) 40 0 20 0 
Number of plots 10 11 10 10 
 
100 mm·h-1, 45 min 
Cumulative runoff (mm) 32 (2) a 14 (3) b 29 (2) a 3 (2) c 
Runoff-to-rainfall ratio (mm·mm-1) 0.43 (0.03) a 0.19 (0.04) b 0.39 (0.02) a 0.04 (0.02) c 
Terminal infiltration rate (mm·h-1) 51 (4) c 77 (4) b 60 (3) c 97 (2) a 
Time to runoff (min)a 2.5 (0.3) a 3.5 (0.3) a 2.5 (0.2) a 3.9 (0.6) a 
Cumulative sediment yield (g) 17 (2) a 9 (2) b 13 (1) ab 1 (1) c 
Mean sediment concentration (g·L-1)a 0.90 (0.09) a 0.91 (0.20) a 0.71 (0.07) a 0.55 (0.06) a 
Proportion of plots with runoff (%) 100 100 100 30 
Number of plots 10 10 10 10 
 
120 mm·h-1, 45 min 
Cumulative runoff (mm) 50 (2) a 33 (3) b 47 (2) a 10 (3) c 
Runoff-to-rainfall ratio (mm·mm-1) 0.56 (0.03) a 0.37 (0.03) b 0.51 (0.02) a 0.11 (0.03) c 
Terminal infiltration rate (mm·h-1) 48 (3) c 71 (4) b 57 (3) c 105 (4) a 
Time to runoff (min)a 1.5 (0.1) b 2.1 (0.2) b 1.6 (0.2) b 3.9 (0.6) a 
Cumulative sediment yield (g) 28 (4) a 26 (6) a 23 (3) a 3 (1) b 
Mean sediment concentration (g·L-1)a 0.98 (0.1) a 1.24 (0.3) a 0.89 (0.1) a 0.44 (< 0.1) b 
Proportion of plots with runoff (%) 100 100 100 80 
Number of plots 10 11 10 10 
 
Total 
Cumulative runoff (mm) 84 (5) a 46 (5) b 77 (4) a 13 (4) c 
Cumulative sediment yield (g) 47 (7) a 34 (7) a 37 (4) a 4 (1) b 

a Based on simulations when runoff was observed.
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Table 4. Mean (standard error) of runoff and erosion variables from coarse-scale (~ 9 m2) 

concentrated flow experiments recorded in 2018 on sites treated with tebuthiuron herbicide in 

2013 and a nearby untreated control site. Total rill area widths and depths are from transects 3-m 

from the concentrated flow release point. Values within rows are not statistically different if they 

share a lower-case letter (α = 0.05). For all flow rates, n=5 for control and n=7 for tebuthiuron-

treated areas. 

Concentrated flow variable Control Tebuthiuron 
 
15 L·min-1, 8 min 
Cumulative runoff (L) 36 (11) a 23 (5) a 
Cumulative sediment yield (g) 27 (10) a 14 (2) a 
Sediment concentration (g·L-1) 0.79 (0.18) a 0.74 (0.14) a 
Fastest flow path velocity (m·s-1) 0.06 (0.01) a 0.05 (0.01) a 
Total rill area width (cm) 166 (31) a 142 (28) a 
Flow path depth (cm) 0.3 (< 0.1) a 0.4 (0.1) a 

 
30 L·min-1, 8 min 
Cumulative runoff (L) 137 (17) a 114 (4) a 
Cumulative sediment yield (g) 98 (18) a 49 (6) b 
Sediment concentration (g·L-1) 0.74 (0.06) a 0.45 (0.05) b 
Fastest flow path velocity (m·s-1) 0.09 (0.01) a 0.08 (0.01) a 
Total rill area width (cm) 161 (27) a 203 (26) a 
Flow path depth (cm) 0.5 (0.1) b 0.7 (0.1) a 

 
40 L·min-1, 8 min 
Cumulative runoff (L) 234 (19) a 191 (9) a 
Cumulative sediment yield (g) 190 (60) a 77 (9) b 
Sediment concentration (g·L-1) 0.78 (0.20) a 0.41 (0.05) b 
Fastest flow path velocity (m·s-1) 0.13 (0.02) a 0.10 (0.01) a 
Total rill area width (cm) 170 (33) a 215 (22) a 
Flow path depth (cm) 0.6 (< 0.1) a 0.7 (0.1) a 
 
Total 
Cumulative runoff (L) 407 (46) a 327 (18) a 
Cumulative sediment yield (g) 314 (86) a 140 (15) a 



88 
 

 
 

Table 5. Hillslope-scale (50 m2) Rangeland Hydrology and Erosion Model (RHEM) parameters 

and model results for a site treated with tebuthiuron herbicide in 2013 and a nearby untreated 

control site. Mean values from coarse-scale experiments (Table 2) were inputs to parameter 

estimation equations. 

 Units Control Tebuthiuron 
 
Parameters 
Effective hydraulic conductivity (Ke) 
Splash & sheet erodibility (Kss) 

 
 

mm·h-1 

kg·m-3.644·s0.644 

 
 

12.1 
3003 

 
 

12.5 
1590 

Darcy-Weisbach friction factor (ft) - 2.30 4.06 
    
64 mm·h-1, 45 min    
Cumulative runoff mm 23 22 
Runoff-to-rainfall ratio mm·mm-1 0.48 0.46 
Terminal infiltration rate mm·h-1 21.1 21.8 
Cumulative sediment yield Mg·ha-1 0.91 0.51 
Mean sediment concentration g· L-1 3.95 2.29 
    
100 mm·h-1, 45 min    
Cumulative runoff mm 49 48 
Runoff-to-rainfall ratio mm·mm-1 0.65 0.64 
Terminal infiltration rate mm·h-1 20.9 21.5 
Cumulative sediment yield Mg·ha-1 2.26 1.27 
Mean sediment concentration g· L-1 4.63 2.64 
    
120 mm·h-1, 45 min    
Cumulative runoff mm 63 63 
Runoff-to-rainfall ratio mm·mm-1 0.71 0.70 
Terminal infiltration rate mm·h-1 20.8 21.5 
Cumulative sediment yield Mg·ha-1 3.19 1.78 
Mean sediment concentration g· L-1 5.03 2.85 
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Supplemental Table 1. User inputs for hillslope-scale (50 m2) Rangeland Hydrology and 

Erosion Model (RHEM) runs. 

 Control Tebuthiuron 
 
User Inputs 
Soil texture 
Soil water saturation (%) 

 
 

loamy sand 
5 

 
 

loamy sand 
5 

Slope length (m) 50 50 
Slope width (m) 1 1 
Slope shape uniform uniform 
Slope steepness (%) 11 11 
Bunch grass foliar cover (%) 12.6 60.9 
Forbs/annual grasses foliar cover (%) 0.2 0.1 
Shrubs foliar cover (%) 40.3 0.1 
Sod grass foliar cover (%) 0.0 0.4 
Basal cover (%) 1.4 61.5 
Rock cover (%) 35.1 20.0 
Litter cover (%) 4.4 16.8 
Biological crusts (%) 0.0 0.0 
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Fig. 1. Oblique photographs (June 2018; prior to monsoon onset) of the control (untreated) area 

(a) and the area treated with tebuthiuron herbicide in 2013 (b). The dominant shrub in (a) is 

whitethorn acacia (Vachellia constricta (Benth.) Seigler & Ebinger; note drought 

deciduousness); the dominant grasses in (b) are Lehmann lovegrass (Eragrostis lehmanniana 

Nees) and bush muhly (Muhlenbergia porteri Scribn. ex Beal). The study site is within the 

Walnut Gulch Experimental Watershed, southeastern, AZ, USA. 
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Fig. 2. Nadir photographs of the control – interspace (a), herbicided – interspace (b), control – 

canopy (c), and herbicided – canopy (d) microsites taken June 2018 (prior to monsoon onset) and 

five years following a tebuthiuron herbicide application. The dominant sub-shrub in (a) is desert 

zinnia (Zinnia acerosa (DC.) A. Gray). The dominant grass in (b) is Lehmann lovegrass 

(Eragrostis lehmanniana Nees). The dominant shrub in (c) is whitethorn acacia (Vachellia 

constricta (Benth.) Seigler & Ebinger). The dominant grass in (d) is bush muhly (Muhlenbergia 

porteri Scribn. ex Beal). 
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Fig. 3. Mean proportion of total transect lengths within the coarse-scale plots (~ 9 m2) that had 

basal gaps of the respective basal gap length class by treatment. Error bars are mean plus and 

minus standard error. For each basal gap class, means are statistically different if they do not 

share a lower-case letter (α = 0.05). 
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Fig. 4. Mean infiltration curves by microsite and treatment from successive fine-scale (0.5 m2) 

rainfall simulations at 64 (a), 100 (b), and 120 mm·h-1 (c). Mean sediment concentration by 

microsite and treatment from successive rainfall simulations at 64 (d), 100 (e), and 120 mm·h-1 

(f). Mean sediment discharge rates by microsite and treatment from successive rainfall 

simulations at 64 (g), 100 (h), and 120 mm·h-1 (i). Vertical gray dotted lines represent the 

duration of the 100-year storm at each respective intensity. 
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Fig. 5. Regression of grass foliar cover and runoff by microsite during fine-scale (0.5 m2) 120 

mm·h-1 intensity rainfall simulations (a). Regression of cumulative runoff and cumulative 

sediment yield at all rainfall intensities (b). Gray bands denote 95% confidence interval.
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Fig. 6. Correlation between basal cover and cumulative runoff by treatment. Data from coarse-scale (~ 9 m2) 40 L·min-1 concentrated 

flow simulations (a). Correlation between cumulative runoff and flow velocity. Data from all flow rates of coarse-scale (~ 9 m2) 

concentrated flow simulations (b). Correlation between flow velocity and cumulative sediment. Data from all flow rates of coarse-

scale (~ 9 m2) overland flow simulations (c). Gray bands denote 95% confidence intervals. 
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Fig. 7. Correlation between cumulative runoff during coarse-scale (~ 9 m2) 40 L·min-1 

concentrated flow experiments and the proportion of total transect lengths that had basal gaps of 

25-50 cm (a), 51-100 cm (b), 101-200 cm (c), and 201-450 cm (d). Gray bands denote 95% 

confidence intervals. 
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Supplemental Figure 1. Mean area wetted immediately after fine-scale (0.5 m2) dry run (64 mm·h-1; 45-min) rainfall simulation by 

depth below soil surface, treatment, and microsite.  Differences between microsites and treatments were not statistically significant 

(Kruskal-Wallis test; α = 0.05). 
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Supplemental Figure 2. Modeled hillslope-scale (50 m2) runoff and sediment discharge from 

Rangeland Hydrology and Erosion Model (RHEM). Results from (120 mm·h-1; 45-min) design 

storm. Solid lines are runoff. Dashed lines are sediment discharge. 
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