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ABSTRACT 

 

This three part study attempted to enhance our understanding of vegetation 

change and its potential effects on ecohydrology in drylands. The first study developed a 

method to measure the velocity of shallow overland flow. Under rainfall simulation, dye 

tracers were applied to runoff and photographed to calculate mean surface velocity.  

Results showed this approach was a significant improvement explaining 13% more of the 

variation in mean velocity compared to traditional methods. Results from the first study 

were used to compare hydraulic parameters on shrub- and grass-dominated plots in the 

second study. Previous research has suggested microtopography in shrublands acts to 

concentrate flow, leading to increased runoff velocity compared to grasslands. However, 

present findings showed that flow velocities were similar on many grass and shrub plots; 

only plots with ground cover > 90% exhibited significantly lower flow velocities, and 

some shrub-dominated plots had lower flow velocities than grass-dominated plots 

implying that horizontal water flux is reduced under certain states of woody plant 

encroachment. In terms of ground cover characteristics, velocity increased rapidly with 

increases in the fraction of bare soil, up to a value of ~20% bare soil. Above ~20% bare 

soil, basal gap became a dominant factor suggesting a possible threshold where spatial 

metrics related to the distance between plants become important indicator of shallow flow 

velocity. The third study tested an approach to quantify woody plant canopy metrics over 

large areas. Radar has been used to map biomass in forests but few studies have 

examined open canopy ecosystems. Field measurements of shrublands were compared to 
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satellite images to identify the relationship between radar signal and height and cover of 

woody vegetation. Results indicated that radar signal increased positively with shrub 

height or shrub volume explaining 74% and 90% of the variation, respectively. The effect 

of surface roughness and sub-canopy species on radar signal appears reduced when 

images are collected at large incidence angles. 
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INTRODUCTION 

 

Dissertation Format 

This dissertation is comprised of the three stand-alone studies attached in the 

appendices as manuscripts for submission to peer reviewed journals. What follows is an 

overview of these three studies. The above abstract summarizes the individual findings. 

The introduction briefly provides the overall context of the problem. The section entitled 

Present Studies details the background, objectives, results, and main conclusions of each 

individual study. 

 

Woody plant encroachment is a phenomenon affecting dryland ecosystems worldwide 

(Archer, 1995; Van Auken, 2000). Numerous studies have considered the possible 

ecohydrologic consequences of this vegetation change on both the hydrologic cycle (e.g. 

Breshears et al., 1998; Huxman et al., 2005) and the biogeochemical cycle (e.g. Pacala et 

al., 2001; Burrows et al., 2002); however, many uncertainties remain. In terms of the 

hydrologic cycle, woody plants can increase infiltration capacity beneath their canopies 

(Lyford and Qashu, 1969) and decrease infiltration in intercanopy areas (Abrahams et al., 

1995). Shrub species have also been found to alter microtopography (Bochet et al., 2000). 

These changes are thought to increase the magnitude of runoff and erosion on semi-arid 

rangeland (Parsons et al., 1996), but the exact manner in which woody plants affect 

Hortonian overland flow processes is not well understood (Wilcox, 2004). Indirect 

evidence suggests that shrubland microtopography affects the spatial pattern of overland 
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flow and leads to an increased spatial heterogeneity of nutrients and moisture resources 

(Schlesinger et al., 1996). Yet few studies have directly examined hydraulic parameters at 

the local scale, in part due to the difficultly of obtaining measurements under field 

conditions. Improved methods to measure these parameters, particularly flow velocity, 

should improve our fundamental understanding of overland flow processes. This should 

also allow a more comprehensive comparison of how horizontal water flux is affected by 

vegetation change.   

 

In terms of the biogeochemical cycle, increases in woody plants may represent a 

significant sink of terrestrial carbon, but the precise impact on regional and global carbon 

flux remains unknown (Houghton et al., 2003). This uncertainty is partially due to the 

difficulties in quantifying the extent of woody biomass change in these systems (Burrows 

et al., 2002). Remote sensing enables the estimation of woody biomass over large areas 

(Lu, 2006), but few studies have focused on mixed ecosystems with open canopies and 

sparse vegetation. The mapping of woody biomass in these areas would improve 

estimates of carbon flux and could also be used for land management applications.  

 

This study was therefore conducted in three parts. The first study attempted to develop 

better methods to measure hydraulic parameters and improve understanding of overland 

flow processes. The second study used these methods to compare grassland and 

shrubland hydraulics to infer the role of woody plant encroachment on horizontal water 

flux. The third study tested a satellite-based approach for mapping biomass-related 
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metrics of woody plant canopies on sparsely vegetated surfaces. The overall goal of this 

work was to improve our ability to assess the ecohydrologic consequences of woody 

plant encroachment. 
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PRESENT STUDIES 

 

STUDY 1 

Knowledge of shallow overland flow velocity is critical to our understanding of 

hillslope runoff and erosion but it remains difficult to measure under field conditions. 

One approach has been to measure the travel time of a tracer over a known distance. The 

maximum velocity of this tracer is assumed to be the surface velocity. Since the velocity 

of shallow flows varies with depth (due to surface drag), a correction factor is then 

applied to derive the mean velocity of the vertical profile. The correction factor 

theoretically equals 0.67 for laminar flow (Horton et al., 1934). This approach has been 

criticized because it appeared to vary with roughness (Emmett, 1970), depth (Dunkerley, 

2001), and sediment discharge (Li and Abrahams, 1997). However, few studies have 

measured both surface and mean velocities on natural surfaces under simulated rainfall. 

In addition, Emmett (1970) noted that velocities on natural surfaces varied as 

microtopography and protruding roughness elements bifurcated flow. This causes 

potentially significant error in the measurement of the maximum velocity. New methods 

are required to improve the measurement by accounting for spatial variability.  

 

The objective of this study was to develop a new method to measure the velocity of 

shallow overland flow on natural surfaces that exhibited complex runoff patterns and 

variation in velocity across the width of the plot. Dye tracers were digitally imaged 

during runoff events under rainfall simulation and a spatially averaged velocity was 
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derived using a nonparametric algorithm. These were compared to measures of the mean 

flow velocity obtained from electronic timing of an electrolyte tracer. We hypothesized 

that the dye tracing method would provide a reliable measure of the mean flow velocity 

and also enable characterization of the spatial variability and complexity of flow on 

natural surfaces.  

 

There was a consistent relationship between the mean flow velocity of the electrolyte 

tracer and the spatially varied velocity of the dye tracer. The relationship was positive 

and was best described as a power function which explained 85% of the variation in the 

mean velocity. This represented a significant improvement over the traditional method of 

measuring the maximum velocity of the fastest flow path. The non-linear nature of the 

relationship suggested that the maximum velocity is more likely to change in response to 

an increase in discharge than the mean velocity. This was observed across a wide range 

of natural surfaces and was consistent with other data in the literature. It was concluded 

that use of a constant correction factor to obtain the mean flow velocity from a measure 

of maximum velocity does not appear to be appropriate.  This approach may also have a 

variety of additional applications such as quantification of spatial patterns of runoff and 

deriving distributed hydraulic parameters. The full study is presented as Appendix A. 
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STUDY 2 

Evidence suggests that the presence of woody plants alters infiltration and 

microtopography which may concentrate overland flow and lead to increased rates of 

discharge, flow velocity, and erosion (Wainright et al., 2000; Wilcox, 2004). These 

changes may be responsible, in part, for the increased spatial heterogeneity of resources 

observed in many shrub-dominated systems (Schlesinger et al., 1996). However, most of 

the available data linking vegetation change to concomitant change in overland flow has 

been derived from just two contrasting hillslopes in Arizona (Abrahams et al., 1995; 

Parsons et al., 1996). These studies report that woody plants significantly affect 

infiltration, runoff, flow resistance, flow velocity, and erosion. The general interpretation 

is that 1) elevated shrub mounds act to concentrate overland flow increasing discharge in 

intercanopy areas, 2) these intercanopy areas exhibit low flow resistance due to a higher 

bare fraction or reduced vegetation cover, and 3) resistance decreases with increasing 

discharge due to progressive inundation of surface roughness elements; thus, changes in 

discharge are absorbed in greater proportion by flow velocity. In contrast, grass-

dominated surfaces are considered to have higher rates of infiltration and flow resistance 

and lower rates of discharge, velocity and erosion (see Wainwright et al., 2000 for a 

review). These overland flow characteristics may distinguish grassland from shrubland, 

but woody plant encroachment takes many forms in response to the combined effects of 

natural and anthropogenic disturbance (Archer and Stokes, 2000). These differing 

proportions of grass-woody composition are likely to have different effects on overland 

flow processes. This is suggested by the few rainfall simulation studies that have been 
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conducted across a range of semi-arid surfaces such as Weltz et al. (1992) who found no 

consistent relationship between vegetation type (shrub versus grass) and flow resistance. 

Further testing appears required to develop a more comprehensive understanding of the 

ecohydrologic impacts of woody plant encroachment.  

 

This study endeavored to test the plot-scale effect of woody plants on overland flow 

hydraulics on a range of surfaces including grassland, shrubland and additional 

conditions representing alternative stable states such as grass- and shrub-dominated plots 

in oak woodland and mesquite-grassland communities. Rainfall simulations were 

performed on 41 large plots across 12 field sites and hydraulic and ground cover  

variables were quantified. It was hypothesized that the presence of woody plants would 

alter hydraulic conditions by increasing shallow flow velocity and decreasing shallow 

flow resistance. Ground cover characteristics were also examined in order to determine 

the dominant controlling variables. 

 

Flow velocities were similar on shrub- and grass-dominated surfaces with low to 

moderate ground cover, only grasslands with very high ground cover exhibited 

significantly lower velocities. The same was also true of friction factors. In terms of 

hydraulic relations, velocity increased by the power of 0.46 as velocity increased, and 

friction decreased by a power of -0.78. Of those measured, the fraction of exposed bare 

soil was dominant factor controlling velocity.  The full study is presented as Appendix B.
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STUDY 3 

 Woody plant encroachment may have a significant affect on terrestrial carbon but 

precise estimates of carbon flux remain unknown, in part due to the difficulty in 

measuring the extent and rate of change in these systems (Pacala et al., 2001; Burrows et 

al., 2002; Houghton, 2003). Remote sensing has been used to measure biomass in forests 

(Lu, 2006); and microwave radiation signal has been shown to be related to a variety of 

forest metrics including tree height and canopy elements such as stems and branches 

(Dobson et al., 1992a; Kasischke et al., 1997; Tansey et al., 2004). General results show 

that radar signal increases with increasing biomass, up to a wavelength-dependent 

saturation point (e.g. Dobson et al., 1992b; Santos et al., 2002). However, few studies 

have focused on dryland environments with open canopies where ground surface 

conditions and low biomass are likely limiting factors. Musick et al. (1989) used radar to 

distinguish shrub cover classes in New Mexico, concluding it is capable of accurately 

distinguishing small differences in cover classes. Patel et al. (2006) reported a similar 

success when distinguishing the density of Prosopis juliflora. More studies are needed, 

however. Measures of woody plant cover or density alone do not provide sufficient input 

for biomass determination (Huang et al., 2007). Detection of plant height to produce 3-D 

metrics of vegetation volume, such as those derived using radar in close canopy forests, 

would represent a significant improvement for determination of biomass.  

 

The main objectives of this study were to identify the relationship between radar signal 

and woody plant metrics, such as plant height and cover, and to determine the effect of 
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ground surface characteristics and sub-canopy species. Radar imagery collected at two 

incidence angles (22˚ and 39˚) was compared to detailed field measures from five field 

sites. Regression analyses were used to relate woody plant height and volume to radar 

signal return. Additionally, sub-canopy vegetation metrics, soil moisture and soil surface 

roughness were measured to determine their relative influence on the signal. We 

hypothesized that, similar to the reported successes of measuring tree height and volume 

in closed canopy forests, radar signal return would increase with woody plant height and 

volume in a mixed life form semi-arid rangeland.  

 

Radar signal was positively and linearly related to shrub height and shrub volume at the 

39˚ incidence angle. Shrub volume explained over 90% of the observed variation in 

signal power. At an incidence angle of 39º soil surface roughness, soil moisture, 

herbaceous vegetation, and shrub cover did not account for a significant amount of the 

variance in signal power; whereas at the 22º incidence angle, soil surface roughness 

became the dominant variable explaining signal return. The full study is presented as 

Appendix C. 
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ABSTRACT  

 

A common approach for determining the velocity of shallow overland flow is to 

time the travel of a tracer over a known distance. The leading edge, or maximum 

velocity, of the tracer is measured and often adjusted by a correction factor to calculate a 

profile mean velocity. This correction factor has been investigated by numerous studies 

and has been found to vary widely leading to criticism of this approach. However, few of 

these studies have been conducted on natural surfaces under simulated rainfall conditions 

where both the maximum and mean velocities have been measured. Even fewer have 

attempted to account for the spatial variation in velocity due to roughness and 

microtopography. This study examined flow velocity on a variety of semi-arid surfaces 

using both dye and electrolyte tracers, and a new method was developed to measure 

maximum velocity that accounts for the spatial variation in flow on natural surfaces. The 

leading edge of the dye tracer was photographed during runoff and image processing 

techniques were used to determine the plot-averaged maximum velocity. It was shown 

that this approach improved measurement of maximum velocity on natural surfaces. The 

plot-averaged maximum velocities (vxm) were compared to mean velocities (vm) 

measured by the electrolyte tracer and a strong non-linear relationship was observed to be 

consistent across a variety of field sites: vm = 0.222 vxm 
0.738 (r2 = 0.85, p < 0.0001). The 

implication is that the use of a constant correction factor is not appropriate, but that the 

observed power function may provide a means of predicting the mean velocity with 

relative accuracy.  
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INTRODUCTION 

 

The velocity of shallow overland flow is an essential variable in many hillslope 

erosion models but it remains difficult to measure under field conditions. One of the most 

common approaches for determining flow velocity has been to visually or electronically 

measure the travel time of a tracer over a known distance. Mean flow velocity is derived 

by measuring the maximum velocity (assumed to be the surface velocity) and using a 

correction factor to account for the vertical velocity profile: 

xm αvv =      [1] 

where vm = mean flow velocity (m s-1) and vx = surface velocity (m s-1).  The correction 

factor equals 0.67 for laminar flow (Reynolds number, Re < 2000) on a theoretical basis 

(Horton et al., 1934) and increases through the transitional region (2000 < Re < 8000) to 

0.80  in the turbulent flow range (Re > 8000) (Emmett, 1970).  Two methods have 

typically been used to determine α.  The first has been to compute vx from the travel time 

of the leading edge of a dye tracer and vm from measured values of flow depth, d (m) as 

wd

Q
vm =      [2] 

where Q = measured discharge (m3 s-1) and w = width of the flow surface (m). The 

second method uses dye for vx and measures vm by electronically recording the passage 

of an electrolyte tracer.  Although Horton et al. (1934) showed that α = 0.67 for laminar 

flow on a smooth surface in a flume study, subsequent studies have shown that on rough 

or natural surfaces, α is variable and less than the theoretical value of 0.67.      
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In the laminar regime, average values of α determined using the first method range from 

0.42 for a natural surface with rainfall simulation (Emmett, 1970) to 0.50 (Emmett, 1970) 

and 0.56 (Dunkerley, 2001) for flume studies.  Note that unless otherwise stated 

references to field relationships from Emmett are based on our calculations with data 

points α > 1.0 removed.  Using the second method in the laminar flow range, Luk and 

Mertz (1992) obtained α = 0.52 for individual flow paths and 0.38 ≤ α ≤ 0.48 at the outlet 

of the plot on an erodable agricultural soil under rainfall simulation. Li and Abrahams 

(1997) found α = 0.37 using a flume without rainfall. Dunkerley (2001) found a 

relationship between α and depth for flow through a variety of non-submerged artificial 

roughness elements.  Li and Abrahams (1997) related α with Re and sediment discharge 

rate for transitional and turbulent flow but found no relationship for Re < 2000.   

 

Although Emmett (1970) did not present a relationship for α, an analysis of his field data, 

using linear regression with the natural log transforms of the mean velocity as the 

dependent variable and the surface velocity as the independent variable, found the 

following statistically significant relationship  

vm = 0.144 vx
0.643,  r2 = 0.47     [3] 

Emmett’s data and Eq. 3 are plotted in Figure 1.  In contrast to the α relationships of 

Dunkerley (2001) and Li and Abrahams (1997) in which vm varies linearly with vx, the 

form of Eq. 3 suggests that the mean velocity varies non-linearly with the surface 

velocity within the laminar flow regime on natural surfaces.  The low coefficient of 

determination and high degree of scatter shown in Figure 1 are probably due to the 



31 
 

Emmett’s experimental design which had potential sources of error in both the 

measurement of surface velocity and the calculation and mean velocity.  The surface 

velocity was estimated from the travel time of the fastest flow path identified by injecting 

dye into the flow.  However, Emmett observed that roughness elements and 

microtopography bifurcated the flow and caused spatial variation in the dye velocity 

across the width of flow.  The amount of error incurred by not accounting for this spatial 

variability is unknown.  Although methods have been developed to quantify the spatial 

variation of flow velocity they can be subjective (i.e. partial section technique by 

Abrahams et al, 1986) or not suitable for field conditions under rainfall simulation (i.e. 

precision depth measurements by Dunkerley, 2001).  Emmett’s calculation of mean 

velocity also had potential sources of error.  First, the plots were unbounded so that the 

flow width was variable and the portion of runoff that was not collected at the end of the 

plot was estimated visually.  Second, depths were measured across the width of the plot 

at 0.3 m increments down the plot length.  The assumption was that the average of 

measured depths at a cross-section was equal to the average flow depth.  However, some 

of the computed mean velocities were greater than the surface velocities (i.e. α > 1) 

which is physically unrealistic.  Most of the data for α > 1 were based on small depth 

measurements at the top of the plot.  Because the mean velocity was computed using Eq. 

2, the difficulty in obtaining an accurate measurement of shallow flow depths (2-30 mm) 

and the uncertainty in the discharge measurement could lead to errors in estimating the 

mean velocity.   
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Emmett's experiment is the only one to compare surface and mean velocity for the 

laminar flow region on rangelands using rainfall simulation.  Contrary to Dunkerley 

(2001), analysis of Emmett’s field data suggests that the relationship between the mean 

and surface velocity is non-linear.  However, the potential sources of error in his 

measurement of both the mean and surface velocity make it difficult to draw definitive 

conclusions from the results.  The objectives of this study were therefore 1) to 

characterize the spatial variability of maximum surface velocity across a hillslope to 

improve the estimation of vx, and 2) to use these measurements to test if the relationship 

between vm and vx is non-linear across a variety of natural semi-arid surfaces under 

simulated rainfall conditions.  

 

METHODS 

 

Study Area 

Eleven study locations were established within southeastern Arizona’s semi-

desert grassland and shrub communities. Elevations range from 900 to 1600 m. Soils are 

predominantly gravelly loam and sandy loam and receive 250 mm of average annual 

rainfall at the lower elevations and 400 mm at the higher elevations. Several of these 

locations had experienced recent wildfires at the time of study and were in various stages 

of recovery. A list of vegetation, canopy and ground cover, and flow surface slopes for 

each study location is presented in Table 1. 
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Experimental Design 

Rainfall was applied using the Walnut Gulch Rainfall Simulator which is an oscillating 

boom simulator capable of applying a range of rainfall intensities from 25 to 180 mm h-1 

(Paige et al., 2004). At each study location four 2 x 6 m plots were installed using vertical 

steel boundaries. At the downslope boundary of the plots, runoff was collected in a 

trough where it passed through a pre-calibrated flume. Flow depths in the flume were 

measured using an electronic staff gage and were converted to discharge rates using the 

flume’s stage-discharge relationship. Sediment concentration was measured using grab 

samples at the flume outlet. Samples were weighed before and after oven drying and the 

steady state sediment discharge rate was calculated. A standard rainfall simulation 

consisted of an initial application of 62 mm hr-1 rainfall for 45 minutes with a 45 minute 

rest period to achieve relatively consistent soil moisture conditions across all plots. The 

data run was conducted after the rest period using rainfall intensities of 62, 104, 126, 153, 

and 179 mm hr-1 applied sequentially. The velocity measurements were conducted after 

the runoff rate for each intensity had reached steady state for at least 5 minutes.  

 

Mean velocity was measured using an electrolyte tracer. For each rainfall intensity, one 

liter of saturated electrolyte solution (calcium chloride) mixed with 15 grams of Xanthene 

dye was introduced to the flow. The solution was applied using a perforated 5 cm 

diameter pipe suspended across the width of the plot at a height of 30 cm and a distance 

of 3 m from the plot outlet. As the electrolyte-dye solution was applied, runoff resistivity 

(mV) was measured using an electrical resistivity sensor located in the flume. For the 
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first year, the sensor was constructed from a shielded thin gage cable with exposed 

terminals suspended in the flow. For the second year of the study the sensor design was 

altered by embedding the terminals in the wall of the flume at the lowest level of 

measurable flow to avoid organic debris collecting on the terminals. A Campbell 

Scientific CR10X1 data logger provided the electrical current and recorded the change in 

voltage on a 0.125 s time step. For data processing, resistivity data were retrieved from 

the data logger and passed through an 8-point median filter. Mean travel time, Tc (s), of 

the electrolyte tracer was obtained from the moment equation: 

∑
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where ts = the elapsed time of the initial decrease in resistivity (s), te = the time at which 

the curve returned to baseline (s), ti = instantaneous time (s), and ci = instantaneous 

resistivity (mV). The variables ts and te were determined from the graph of resistivity 

over time (Figure 2). Velocity was calculated by the travel time, Tc, divided by distance 

traveled. This velocity was adjusted to account for the distance between the end of the 

plot and the sensor located in the flume. This was done by using repeated measurements 

of the travel time of the dye over this distance.  The travel time of the dye was assumed to 

be proportional to the travel time of the electrolyte.  Various discharge rates were 

observed and the resulting power relationship between discharge and dye travel time was 

used to adjust the electrolyte travel time. This provided the mean velocity, vm. 

                                                 
1 Does not imply an endorsement of product by USDA 
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Surface velocity was calculated by the travel time of the leading front of the dye tracer. A 

standard digital camera was positioned on the rainfall simulator directly above the plot. 

The camera, controlled remotely via a computer, was used to photograph the arrival of 

the dye tracer at the end of the plot. A separate channel in the data logger was used to 

record time stamps for each digital image so that the timing of the images was 

synchronized with the resistivity readings.  Two surface velocities were calculated from 

the images of the leading edge of the dye front; maximum velocity, vx (m s-1) and the 

average velocity of the dye front, vxm (m s-1).  Maximum velocity was based on the 

earliest arrival time of the dye at the end of the plot.  The average velocity was based on a 

spatial sample of the entire dye front using the following procedure.  

 

Images were imported into a geodatabase (ESRI ArcGIS 9.2) and a layer was created for 

each image by manually digitizing the leading edge of the dye front. This trace of the dye 

front was then overlain with a layer consisting of a lattice with 200 vectors (roughly one 

per every 1cm of plot width). At each intersection of the dye trace and the lattice vectors, 

a point was generated and x-y coordinates were assigned within the image. Figure 2 

illustrates an example of this process. The coordinates were exported to a spreadsheet 

where x-y values were converted to distance (m) and velocities for each point were 

calculated based on the elapsed time of the image. This provided a spatial sample of the 

entire dye front with, on average, more than 200 velocity measurements for each dye 

front; the exact number of measurements depended on the sinuosity and length of the dye 
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trace. Histograms of these velocities exhibited a variety of statistical distributions. A non-

parametric method was therefore required to characterize the central tendency of the 

velocity. The geometric centroid of the sampled dye front was thus calculated: 

∑
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where vxm = average velocity of the dye front (m s-1), ymax = the maximum distance 

across the plot in the y-direction (m), ymin = the minimum distance (m), vi = instantaneous 

velocity (m s-1), and yi = the y-distance of the ith point (m).   

 

Additional measurements on each plot included canopy cover by life form and ground 

cover (bare soil, rock, gravel, litter, and vegetation basal area) measured using a laser-

based point intercept frame with 400 data points collected per plot.   

 

Data Analyses 

The velocity data were used to compute the correction factor, α, based on the velocity of 

the fastest flow path as well as on the average velocity of the dye front. The value of α 

was calculated by rearranging Eq. 1 

x

m

v

v
=α       [6] 



37 
 

where vm was derived from the electrolyte tracer as described above and vx was based on 

the velocity of fastest flow path. An alternative ratio, αs, was calculated based on the 

average velocity of the dye front, vxm  

xm

m
s v

v
=α       [7] 

A second analysis was based on testing if the form of Eq. 3, derived from Emmett’s 

(1970) field data, was comparable to the data from this study.  Linear regression analyses 

were used, on both untransformed and natural log transformed variables, with vm as the 

dependent variable and vx or vxm as the independent variables.   

 

In order to compare hydraulic conditions with Emmett (1970), Reynolds number, Re = 4 

q/ν where kinematic viscosity, ν = 9.51x10-7 m2 s-1 for water at 25 C, Darcy-Weisbach 

friction factor, ff = 8gq S0/vm
3 where gravity, g = 9.81 m s-1 and S0 = plot slope (m m-1), 

and flow depth, d = q/vm (m), were also computed.  

 

RESULTS 

 

Data Collection 

A total of 119 data points were collected across 11 field sites in 2006 and 2007. 

Similar to previous researchers (Luk and Mertz 1992; Li et al., 1996), challenges were 

encountered attempting to calculate vm from the electrolyte tracer. Specifically, the time 

variables required for computing the mean velocity (Eq. 4) were occasionally difficult to  

determine from the graphs of resistivity versus time. This was caused when organic 
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debris traveling through the flume was caught on the exposed terminals of the 

conductivity probe during the first year of the study. In these instances the signal to noise 

ratio was low and the curves were indistinct, often with no discernable te, and to a lesser 

extent ts. When one or more of these variables was considered unreliable the centroid was 

not calculated and no velocity was determined. Sites Pb and E3 were most affected and 

only 6 – 7 data points were obtained for each of these two sites. This apparent noise was 

greatly reduced in the second year of the study when the conductivity probe was 

embedded in the flume preventing the accumulation of organic debris.   

 

Velocity Data 

The entire data set is presented in Table 2.  Velocity measurements ranged from 0.023 ≥ 

vx ≥ 0.207 m s-1 (mean = 0.097 m s-1), 0.013 ≥ vxm ≥ 0.137 m s-1 (mean = 0.066 m s-1 ), 

and 0.010 ≥ vm ≥ 0.066 m s-1 (mean = 0.030 m s-1 ).  The variation in velocity was largest 

for vx and smallest for vm (Levene Test at 95% confidence; Levene, 1960).  The lowest 

average surface and mean flow velocities were on a grass site (Wb) which had numerous 

litter dams on the flow surface that retarded the flow.  The highest average maximum 

flow path velocities were observed on both grass (E3, K, and Pb) and shrub (LH and Sb) 

sites. The highest average mean flow velocities were on sites Pb and Sb.  The mean flow 

velocity was positively related to the runoff discharge rate (Figure 3) as vm = 0.0033 q0.478 

(r2 = 0.45).  The flow for all of the sites was within the laminar flow regime (185 - 1280), 

the Darcy-Weisbach ff ranged from 7 to 329, and mean flow depths ranged from 2 to 12 

mm.    
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The difference between the fastest flow path, vx, and the average dye velocity, vxm, was 

relatively large with vxm being consistently lower than vx. The ratio of vx to vxm ranged 

from 1.04 to 2.81 and averaged 1.48. Spatial variability of flow velocity was examined by 

comparing the ratio of vx to vxm, as this provides an indication of the potential to 

overestimate surface velocity when measurement is based solely on the fastest flow path. 

Surfaces with relatively faster overall flow velocity exhibited greater differences between 

vx and vxm (Figure 4). The magnitude of this difference varied by plot but the even the 

most uniform dye fronts exhibited significant differences as complex dye front shapes 

were observed on all surfaces (Figure 5).  

 

Velocity Relationships 

The α ratio ranged from 0.16 < α < 0.54 and averaged 0.33 while the αs ratio ranged from 

0.33 < αs < 0.74 and averaged 0.47.  For α, there were significant but very weak negative 

relationships with sediment discharge and slope explaining 13% and 4% of the variation, 

respectively. There was no relation to depth, Re or ff.  For αs, there were weak negative 

relationships with sediment and Re, respectively explaining 10% and 6% of the variation, 

but none for slope or ff.   

 

Comparing mean velocity to the dye velocities, the results of the regression analysis for 

the non-transformed velocities were:  

vm = 0.00956 + 0.209 vx, r
2 = 0.66    [8] 
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vm = 0.00599 + 0.360 vxm, r2 = 0.79    [9] 

and for the log-transformed velocities: 

vm = 0.135 vx 
0.648, r2 = 0.72     [10] 

vm = 0.222 vxm 0.738, r2 = 0.85     [11] 

The spatially-averaged measure of maximum velocity, vxm, explained 13% more of the 

variation in mean velocity, vm, for both the linear and non-linear forms; this represents a 

significant improvement over use of the maximum velocity, vx. The non-linear form of 

the equation, using either vx or vxm, explained 6% more of the variance in vm than the 

linear. In addition, for the linear form of Eqs. 8 and 9 the intercepts were significantly 

different than zero at 95% confidence suggesting that the log-transformed relationships 

are more robust at the lower range of velocities (Figure 6). Eq. 11 was therefore 

considered the optimum of those tested.  

 

As Eq. 11 was derived from the pooled data (all surfaces), site specific relations were 

examined to determine if the general relationship was applicable to a wide range of 

conditions. Regression equations based on the form of Eq. 11 (non-linear, with vxm as the 

regressor variable) were developed separately for each site. For both the general and site-

specific relationships, confidence intervals for the slopes of the log transformed equations 

were calculated based on the estimated standard error and 95% confidence intervals. All 

of the slopes, with the exception of site E4g, were within the confidence intervals of the 

slope of Eq. 11.  This suggests that, over a wide range of plot characteristics (Table 1), 

the average velocity of the dye front (vxm) is a good predictor of the mean flow velocity 



41 
 

and site specific relationships are not a significant improvement.  This also implies that 

site specific characteristics such as ground cover are not a controlling factor in the 

relationship between the mean and surface velocities over the range of velocities 

measured in this study.   

 

DISCUSSION 

 

The results from this study indicate that there is a relationship between the 

average velocity of the dye front (vxm) and the fastest flow path velocity (vx) (Figure 4), 

and a relationship between the average velocity of the dye front (vxm) and the mean flow 

velocity (vm) (Figure 6), and that these relationships appear to be consistent on a wide 

range of natural surfaces.  Using vxm was an improvement over vx, as it explained 85% of 

the variation in vm (Eq. 11). Thus, it appears that vxm accounts for the spatial variability of 

the entire front as opposed to vx which is just a measure of the fastest flow path. For most 

of the range of the velocity data from this study, both the linear (Eqs. 8 and 9) and non-

linear equations (Eqs. 10 and 11) computed similar flow velocities.  In the lower range of 

velocities, the non-linear relationships were more robust.  At higher velocities the trend 

of the data suggested that the relationship is non-linear but a wider range of high 

velocities may be needed to make a definitive statement.  In any case, a correction factor 

= 0.67 only appears to apply to the very low velocities (Figure 6) and would over predict 

mean flow velocity for most of the range of velocities of this study.   
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Eq. 10 is consistent with the relationship derived from Emmett’s (1970) data for which α 

< 1 (Eq. 3). Analysis of covariance (ANCOVA) and a t-Test (at 95% confidence) showed 

no significant difference in either the intercepts or slopes of the log transformed variables 

of the two equations. In other words, both studies found the same result for the 

relationship between mean velocity and velocity of the fastest flow path. This implies a 

robust relationship considering the large degree of scatter in Emmett’s data (which as 

previously discussed appears to be due to potential error in both his measurement of vx 

and calculation of vm). It is also interesting to note that when the data points where vm > 

vx are excluded from Emmett’s data, they illustrate a velocity-discharge power 

relationship with a regression exponent of 0.41. This is very similar to the relation 

observed in the present data (vm = 0.0033 q0.478) (Figure 3). When compared by 

ANCOVA, the two relationships were not significantly different. Therefore Emmett’s 

original conclusion that velocity is proportional to the cube root of the discharge rate may 

not be correct. Velocity appears to account for closer to half of increases in discharge on 

these surfaces.  

 

The similarity between the present data and those obtained by Emmett (1970) suggest 

that these results are applicable to a wide range of conditions.  Emmett used a constant 

rainfall intensity (270 mm hr-1) and measured hydraulic parameters every 0.3 m to a 

distance of 13 m while this study varied rainfall intensity and measured parameters at the 

end of a 6 m section. His data were collected data on seven sage brush surfaces in 

Wyoming versus the 11 diverse (i.e. vegetation type, condition, management) surfaces in 
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Arizona studied here. Despite the differences in geography and experimental design, both 

studies observed a similar range of velocities, nearly identical hydraulic relationships and 

comparable flow regimes (both were entirely within the laminar regime). Eqs. 8-11 

therefore appear valid for rain impacted flow in the laminar regime on a wide range of 

semi-arid flow surfaces, and on slope lengths of up to 13 m.   

 

Previous studies have stated that several site-specific factors affect the vx-vm relationship, 

but these factors were not found to exhibit a strong influence in the present data. For 

example, sediment discharge displayed a weak negative relationship with α and αs, which 

is consistent with Li and Abrahams (1997) who concluded that saltating sediment extracts 

momentum from lower portions of the flow profile; however, the data are not conclusive 

as the significance of the relationship was due in large part to one site with high erosion 

(Sb). Flow depth was not related to α, unlike the relation observed on small artificial 

flumes by Dunkerley (2001). Other factors, such as slope, Re and ff, explained very little 

of the variation (i.e. 6% or less) or yielded insignificant regression relationships. Eq. 11 

therefore appears largely independent of site-specific characteristics.  

 

While vxm appears to be an improvement over vx for estimating surface velocity on 

natural surfaces, and represents an alternative to the partial section (Abrhams et al. 1986) 

and precision depth (Dunkerley, 2001) techniques, it still may underestimate surface 

velocity. This approach assumes that a particle of water travels downslope in a straight 

line along the measurement vector. Figure 2A illustrates one of the traced dye fronts with 
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two examples of the lattice vectors shown in yellow along with the points where they 

intersect the trace. These points are where x-y coordinates were generated and velocities 

subsequently calculated from the elapsed time of the photograph. As seen in the figure, 

flow paths did not always progress straight down the plot. Obstructions, roughness and 

microtopography caused flow paths to move laterally. When this occurred the actual 

distance the water traveled was greater than the straight line distance along the 

measurement vector, and velocity was underestimated. This also caused multiple 

intersection points of the dye trace along individual lattice vectors, and all of these points 

were included in the calculation of vxm.  At this time it is unclear how these issues affect 

the accuracy of the data, although it can be assumed that surfaces with broad sheet flow 

and more uniform dye fronts would have relatively less error than sites with variegated 

flow patterns and non-uniform dye fronts. 

 

In terms of the pattern of flow, the images of the dye fronts indicated that all plots 

exhibited spatial variation in velocity across the width of the flow surface. Similar to 

Emmett’s (1970) field observation, preferential flow paths with greater velocities 

appeared to form due to microtopography and protruding roughness elements.  The 

difference between the fastest flow path, vx, and the average dye velocity, vxm, was 

relatively large with the latter being consistently lower. The ratio of vx to vxm ranged from 

1.04 to 2.81 and averaged 1.48, indicating that measures of velocity based solely on the 

fastest flow path over estimate surface velocity by an average of one and half times. In 

addition, this difference tended to increase as surfaces with relatively greater overall flow 
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velocity exhibited greater differences between vx and vxm (Figure 4). Interestingly, the 

observed dye front patterns on individual plots often remained relatively static throughout 

the range of imposed discharge rates. For example, Figure 5 illustrates the spatial patterns 

observed on two plots under two different rainfall intensities (the patterns were created 

from the x-y point data used to calculate vxm). While velocity increased with rainfall 

intensity, the distinctive patterns remained similar. It should also be noted that despite the 

large differences between the plots in terms of site characteristics (site Wb was a grass 

surface with very high ground cover and site Sb was recently burned shrub surface with 

low ground cover) and overall velocity, complex flow patterns were observed on both 

surfaces. There has been some speculation that semi-arid shrubland surfaces concentrate 

flow due to microtopography (Abrahams et al., 1995), however in this study observed 

complex flow patterns on all types of surfaces. Furthermore, reports by Abrahams et al. 

(1995) and Parsons et al. (1996), that velocities on shrublands are significantly higher 

than grasslands, were not corroborated in the present study. Most grass and shrub 

dominated surfaces appeared to exhibit similar velocities.  

 

CONCLUSIONS 

 

The use of a constant correction factor α has been criticized because of the wide 

range of reported values and the apparent dependence of α on protruding roughness 

elements (Dunkerley, 2001) and flow depth (Dunkerley, 2001; Planchon et al., 2005).  

The use of electrolyte tracers has also been criticized by Myers (2002) because it may 
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underestimate mean velocity in laminar flow due to the density of the fluid; however, the 

effects of rain impacted flow were not considered in that study. Electrolyte tracing may 

also be sensitive to the length of the measuring section when two probes are used 

(Planchon et al., 2005).  Similar to previous studies that quantified α for the laminar flow 

range, we found a wide range of α but no consistent or strong relationship with depth, 

Reynolds number, or slope.  However, there was a statistically significant relationship 

between the mean flow velocity and surface velocity for both the fastest flow path and 

average dye front velocity across the range of mean flow velocities (0.01-0.066 m s-1), 

runoff (26-180 mm h-1) and sediment (0.08-16.56 g s-1) discharge rates, plot conditions 

(37-97% ground cover), computed mean flow depths (2-12 mm), friction factors (7-330), 

and Reynolds numbers (185-1280).   

 

The use of a constant correction factor α = 0.67 to obtain the mean flow velocity from a 

measure of maximum velocity for laminar flow with rainfall does not appear to be 

appropriate.  For a given surface the relationship between vm and vx varies nonlinearly 

where vm is less likely to change relative to vx in response to increases in imposed 

discharge. Eq. 11 represents an alternative method to calculate vm from vxm, and appears 

valid for a variety of natural semi-arid surfaces. The spatially-averaged measure of 

maximum velocity developed in this study, vxm, improved estimates of surface velocity. 

This approach may also have a variety of additional applications. For example, it should 

be possible to quantify the spatial variability of overland flow in order to better 
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understand the distributed patterns of runoff, erosion, and the transport of sediment and 

nutrient resources.  
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Figure 5. Example dye front velocities (solid line) across the width of the plot and 

average dye front velocity (dashed line) at the time the fastest flow path reached the end 

of the runoff plot for selected rainfall intensities, i, for the A) Wb site and B) Sb site. 

 

Figure 6. The relationship between mean flow velocity, vm, and A) velocity of fastest 

flow path, vx, and B) average velocity of the dye front, vxm.
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Table 1. Field site descriptions of vegetation community, slope, foliar canopy cover, 
ground cover and management and disturbance history.  Recent wildfire indicates fire 
event within the previous 3 years of the experiment. 
 

Site 
Vegetation 
Community 

Mean 
Slope 

Mean Canopy 
Cover 

Mean Ground 
Cover 

Comments 

  % % %  

Ab 
Oak 
Woodland 

9 21 51 
Mod to low intensity 
grazing 

E2 Short-grass 13 66 76 
2 years rest from intense 
grazing 

E3 Short-grass 13 35 70 
Moderate grazing, recent 
wildfire 

E4g 
Mesquite 
Grassland 

5 38 37 Moderate grazing 

E4s 
Mesquite 
Grassland 

4 29 37 
Moderate grazing, recent 
shrub treatment 

K Grassland 11 46 65 moderate grazing 

LH Shrubland 16 17 86 > 40 years no grazing 

Pb Grassland 8 34 54 > 40 years no grazing  

Sb 
Oak 
Woodland 

16 19 49 
Mod to low grazing, recent 
wildfire 

Tb Grassland 29 57 93 moderate grazing 

Wb Grassland 9 30 97 
3 years no grazing, recent 
wildfire 
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Table 2. Steady state experimental conditions and results for this study, including slope 
(S0), discharge rate (q), sediment discharge rate (Qs), mean velocity (vm), maximum dye 
front velocity (vx), mean dye front velocity (vxm), ratio of vm to vx (α), ratio of vm to vxm 
(αs), computed flow depth (d), Reynolds number (Re), and Darcy-Weisbach friction 
factor (ff). 
 

Site/ 
Plot 

S0 
(%) 

q 
(mm h-1) 

Qs 
(g s-1) 

vm 
(m s-1) 

vx 
(m s-1) 

vxm 
(m s-1) α αs 

d 
(mm) 

Re ff 

Ab/1 10 71 0.88 0.020 0.071 0.040 0.29 0.52 5.9 505 112 
Ab/2 9 41 0.23 0.022 0.057 0.039 0.38 0.55 3.2 292 49 
Ab/2 9 104 0.56 0.034 0.095 0.063 0.36 0.55 5.1 740 31 
Ab/2 9 141 0.66 0.030 0.111 0.076 0.27 0.39 8.0 1003 65 
Ab/2 9 164 0.61 0.032 0.110 0.075 0.30 0.43 8.6 1167 58 
Ab/3 8 26 0.14 0.012 0.034 0.023 0.37 0.54 3.5 185 142 
Ab/3 8 51 0.36 0.022 0.058 0.041 0.38 0.54 3.9 363 50 
Ab/3 8 76 0.49 0.026 0.065 0.046 0.39 0.55 5.0 541 48 
Ab/3 8 101 0.51 0.030 0.074 0.052 0.41 0.59 5.6 718 39 
Ab/3 8 124 0.42 0.034 0.079 0.055 0.43 0.61 6.2 882 34 
E2/1 15 34 0.09 0.022 0.055 0.047 0.41 0.48 2.6 242 59 
E2/1 15 57 0.11 0.030 0.072 0.064 0.42 0.47 3.2 405 40 
E2/1 15 126 0.21 0.038 0.094 0.082 0.41 0.47 5.6 896 43 
E2/2 15 37 0.34 0.020 0.088 0.048 0.23 0.42 3.1 263 90 
E2/2 15 65 0.61 0.028 0.115 0.069 0.25 0.41 3.9 462 57 
E2/2 15 87 0.76 0.029 0.147 0.086 0.20 0.34 5.1 619 72 
E2/2 15 130 0.79 0.040 0.147 0.092 0.27 0.43 5.5 925 41 
E2/3 11 34 0.22 0.019 0.057 0.049 0.34 0.39 3.0 242 71 
E2/3 11 64 0.30 0.026 0.068 0.059 0.39 0.45 4.1 455 50 
E2/3 11 82 0.36 0.030 0.076 0.073 0.40 0.42 4.5 583 42 
E2/3 11 107 0.47 0.031 0.084 0.076 0.37 0.40 5.9 761 54 
E2/3 11 126 0.64 0.033 0.094 0.073 0.35 0.45 6.5 896 52 
E2/4 11 40 0.28 0.020 0.077 0.058 0.26 0.33 3.5 285 75 
E2/4 11 78 0.76 0.027 0.091 0.078 0.30 0.35 4.8 555 53 
E2/4 11 143 1.63 0.036 0.111 0.092 0.33 0.39 6.7 1017 43 
E3/1 16 82 1.30 0.032 0.093 0.082 0.34 0.39 4.3 580 52 
E3/2 11 75 1.34 0.040 0.181 0.121 0.22 0.33 3.1 534 17 
E3/2 11 86 1.83 0.052 0.176 0.121 0.29 0.43 2.8 615 9 
E3/3 13 81 0.98 0.034 0.085 0.052 0.39 0.64 4.1 576 36 
E3/3 13 103 1.65 0.036 0.091 0.073 0.39 0.49 4.9 734 38 
E3/3 13 133 2.37 0.040 0.103 0.073 0.39 0.56 5.6 946 34 
E3/3 13 141 2.37 0.037 0.109 0.082 0.34 0.45 6.4 1002 47 
E4g/1 4 102 0.17 0.018 0.057 0.047 0.31 0.38 9.7 723 98 
E4g/1 4 129 0.27 0.021 0.060 0.050 0.36 0.43 10.2 919 71 
E4g/1 4 159 0.31 0.024 0.065 0.056 0.37 0.43 11.1 1131 61 
E4g/1 4 180 0.24 0.029 0.068 0.058 0.42 0.49 10.6 1280 41 
E4g/2 4 59 0.42 0.017 0.083 0.040 0.20 0.42 6.0 420 70 
E4g/2 4 119 0.64 0.027 0.082 0.053 0.33 0.50 7.6 847 35 
E4g/2 4 163 0.63 0.029 0.094 0.064 0.31 0.45 9.5 1159 37 
E4g/3 5 99 0.57 0.028 0.098 0.061 0.28 0.45 6.1 707 32 
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Site/ 
Plot 

S0 
(%) 

q 
(mm h-1) 

Qs 
(g s-1) 

vm 
(m s-1) 

vx 
(m s-1) 

vxm 
(m s-1) α αs 

d 
(mm) 

Re ff 

E4g/3 5 129 0.68 0.031 0.099 0.068 0.32 0.46 6.9 918 28 
E4g/3 5 143 0.82 0.032 0.110 0.070 0.29 0.45 7.6 1017 30 
E4g/3 5 160 1.02 0.037 0.123 0.076 0.30 0.48 7.4 1138 22 
E4g/4 6 102 0.32 0.028 0.095 0.061 0.29 0.45 6.2 726 34 
E4g/4 6 129 0.38 0.031 0.103 0.071 0.30 0.44 7.0 918 31 
E4g/4 6 159 0.52 0.033 0.111 0.072 0.30 0.46 8.2 1131 32 
E4g/4 6 175 0.66 0.036 0.122 0.086 0.29 0.41 8.3 1246 28 
E4s/4 5 99 0.70 0.031 0.108 0.078 0.29 0.40 5.4 704 20 
E4s/4 5 122 1.11 0.032 0.120 0.086 0.26 0.37 6.5 868 23 
E4s/4 5 149 1.42 0.039 0.133 0.102 0.29 0.38 6.5 1060 15 
E4s/4 5 172 1.42 0.037 0.136 0.100 0.27 0.37 7.8 1224 20 
E4s/3 4 90 0.52 0.025 0.071 0.055 0.35 0.45 6.1 640 28 
E4s/3 4 105 0.64 0.028 0.082 0.064 0.34 0.44 6.4 747 23 
E4s/3 4 128 0.82 0.031 0.097 0.071 0.32 0.44 7.0 911 20 
E4s/4 5 115 0.89 0.040 0.114 0.079 0.36 0.51 4.8 818 11 
E4s/4 5 150 1.12 0.044 0.117 0.085 0.38 0.52 5.7 1067 11 
E4s/4 5 169 1.14 0.048 0.124 0.089 0.38 0.53 6.0 1202 10 
K/1 12 48 0.37 0.021 0.087 0.058 0.24 0.37 3.8 341 79 
K/1 12 80 0.76 0.027 0.120 0.070 0.22 0.39 5.0 569 64 
K/1 12 96 0.81 0.029 0.130 0.083 0.22 0.35 5.6 683 63 
K/1 12 124 1.17 0.031 0.118 0.078 0.26 0.40 6.7 882 64 
K/1 12 144 0.93 0.035 0.135 0.089 0.26 0.40 6.9 1024 51 
K/2 11 42 0.63 0.029 0.087 0.048 0.34 0.61 2.4 299 24 
K/2 11 74 1.05 0.027 0.113 0.079 0.24 0.35 4.6 526 53 
K/2 11 93 1.45 0.038 0.132 0.075 0.29 0.51 4.1 662 24 
K/2 11 127 2.02 0.045 0.151 0.100 0.30 0.45 4.8 903 21 
K/2 11 149 1.97 0.043 0.138 0.081 0.31 0.53 5.8 1060 27 
K/3 10 44 0.22 0.020 0.075 0.044 0.26 0.45 3.8 313 74 
K/4 11 92 0.81 0.038 0.123 0.086 0.31 0.44 4.1 654 24 
K/4 11 176 1.85 0.044 0.161 0.116 0.27 0.38 6.8 1252 30 
LH/3 17 61 1.65 0.019 0.078 0.049 0.24 0.38 5.5 434 208 
LH/3 17 80 2.06 0.023 0.105 0.059 0.22 0.39 6.0 569 151 
LH/3 17 98 2.42 0.027 0.104 0.069 0.26 0.40 6.1 697 106 
LH/5 15 32 0.39 0.016 0.090 0.032 0.18 0.51 3.3 228 144 
LH/5 15 57 1.18 0.018 0.114 0.049 0.16 0.37 5.3 405 181 
LH/5 15 69 1.28 0.027 0.114 0.064 0.24 0.42 4.4 491 70 
LH/5 15 85 1.21 0.030 0.168 0.069 0.18 0.43 4.8 605 63 
LH/5 15 99 1.41 0.034 0.190 0.076 0.18 0.45 4.9 704 49 
LH/6 16 84 0.88 0.030 0.111 0.081 0.27 0.37 4.7 594 66 
LH/6 16 98 0.93 0.033 0.124 0.085 0.27 0.40 5.0 697 55 
Pb/1 8 108 1.19 0.034 0.079 0.073 0.43 0.46 5.4 768 30 
Pb/2 8 114 0.57 0.035 0.093 0.070 0.38 0.50 5.5 811 27 
Pb/2 8 168 0.88 0.047 0.103 0.079 0.46 0.59 6.1 1195 17 
Pb/4 8 104 0.67 0.037 0.100 0.082 0.37 0.45 4.8 740 22 
Pb/4 8 130 1.05 0.041 0.101 0.086 0.41 0.48 5.3 925 20 
Pb/4 8 145 1.18 0.047 0.175 0.137 0.27 0.34 5.2 1031 15 
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Site/ 
Plot 

S0 
(%) 

q 
(mm h-1) 

Qs 
(g s-1) 

vm 
(m s-1) 

vx 
(m s-1) 

vxm 
(m s-1) α αs 

d 
(mm) 

Re ff 

Tb/1 29 50 0.61 0.022 0.063 0.053 0.35 0.41 3.9 356 182 
Tb/1 29 107 0.87 0.026 0.077 0.067 0.34 0.39 6.9 761 226 
Tb/1 29 115 0.82 0.032 0.083 0.073 0.38 0.43 6.2 818 137 
Tb/2 29 31 0.23 0.019 0.066 0.039 0.29 0.49 2.7 221 164 
Tb/2 29 82 0.72 0.033 0.102 0.067 0.32 0.50 4.2 583 82 
Tb/2 29 100 0.74 0.034 0.118 0.078 0.29 0.43 5.0 711 96 
Tb/3 30 27 0.32 0.019 0.055 0.033 0.35 0.58 2.4 192 143 
Tb/3 30 43 0.29 0.021 0.062 0.040 0.33 0.52 3.5 306 182 
Tb/3 30 70 0.62 0.025 0.064 0.045 0.40 0.56 4.7 498 165 
Tb/3 30 93 0.85 0.027 0.087 0.053 0.31 0.51 5.8 662 177 
Tb/4 28 45 0.21 0.017 0.073 0.040 0.23 0.43 4.4 320 311 
Tb/4 28 70 0.38 0.022 0.107 0.056 0.20 0.38 5.5 498 244 
Tb/4 28 111 0.45 0.027 0.105 0.059 0.25 0.45 7.1 790 209 
Sb/2 17 48 0.52 0.024 0.071 0.050 0.34 0.49 3.3 341 74 
Sb/2 17 71 0.69 0.027 0.077 0.059 0.35 0.46 4.5 505 84 
Sb/2 17 106 1.75 0.035 0.081 0.071 0.43 0.49 5.1 754 56 
Sb/2 17 119 1.68 0.035 0.085 0.076 0.42 0.47 5.7 845 61 
Sb/3 16 78 9.15 0.039 0.119 0.085 0.32 0.45 3.4 555 27 
Sb/3 16 130 16.30 0.045 0.148 0.110 0.31 0.41 4.8 925 28 
Sb/3 16 131 16.56 0.047 0.173 0.129 0.27 0.37 4.7 932 26 
Sb/4 13 37 2.34 0.041 0.164 0.087 0.25 0.47 1.5 260 9 
Sb/4 13 75 8.44 0.051 0.181 0.097 0.28 0.53 2.5 534 10 
Sb/4 13 110 12.64 0.066 0.207 0.111 0.32 0.59 2.8 782 6 
Wb/1 9 26 0.13 0.010 0.024 0.013 0.40 0.74 4.5 185 328 
Wb/1 9 61 0.14 0.013 0.025 0.021 0.52 0.62 8.0 434 329 
Wb/1 9 100 0.14 0.016 0.034 0.026 0.46 0.59 10.9 711 312 
Wb/2 8 26 0.08 0.012 0.023 0.017 0.54 0.74 3.6 185 156 
Wb/2 8 59 0.08 0.015 0.030 0.025 0.51 0.63 6.5 420 178 
Wb/2 8 99 0.17 0.017 0.036 0.029 0.47 0.58 9.8 704 215 
Wb/3 10 57 0.31 0.014 0.028 0.020 0.51 0.72 6.7 405 260 
Wb/3 10 119 0.36 0.019 0.038 0.029 0.49 0.65 10.7 847 237 
Wb/4 8 30 0.15 0.012 0.024 0.016 0.50 0.73 4.3 213 176 
Wb/4 8 117 0.16 0.016 0.036 0.032 0.44 0.50 12.5 832 292 
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Figure 1. Relationship between mean flow velocity, vm, and fastest flow path velocity, vx, 
for Emmett (1970). 
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Figure 2. A) Image from a shrub-dominated plot one year after a wildfire, and B) a curve 
of resistivity over time illustrating the location of the start (ts), end (te) and centroid of the 
curve (Tc). In A), the green dye (with the dye trace outlined in black; direction of flow 
from left to right) is approaching the trough representing vx. The yellow lines represent 
two of the 200 lattice vectors, and the yellow points represent the intersection of the dye 
trace and lattice. Velocity for each point was calculated from the point coordinates and 
elapsed time of the photo. The difference between vx, measured from the fastest flow 

A) 

B) 
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path, and vxm, measured by the centroid of the dye front, is apparent. The issue of 
multiple intersection points is discussed in the Results. 
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Figure 3. Relationship between mean flow velocity, vm, and runoff discharge rate, q.
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Figure 4. The relationship between the average dye front velocity, vxm, and the velocity of 
the fastest flow path, vx.
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Figure 5. Example of dye front velocities (solid line) across the width of the plot and 
average dye front velocity (dashed line) at the time the fastest flow path reached the end 
of the runoff plot for selected rainfall intensities, i, for the A) Wb site and B) Sb site. The 
x-axis was converted to velocity. Direction of flow is from left to right. 
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Figure 6. The relationships between mean flow velocity, vm, A) velocity of fastest flow 
path, vx, and B) average velocity of the dye front, vxm. Linear relations in gray and non-
linear relations in black. The dashed lined in B) represents the relationship between 
maximum and mean velocities at the theoretical value of α = 0.67. 
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ABSTRACT 

 

Current perspectives on the impacts of shifts from grass- to shrub-dominance on 

surface hydrology hold that horizontal water flux increases under woody plant 

encroachment, with increases in runoff, flow velocity and erosion. However, these 

perceptions are based on a small number of contrasting surfaces with little consideration 

of the full spectrum of multiple stable vegetation states (i.e. state-and-transition models). 

This study simulated rainfall on large rainfall simulator plots across a continuum of 

communities representing grassland to shrub-steppe to shrubland.  Flow velocity and 

discharge were measured under several imposed rainfall intensities and hydraulic 

relations were calculated. Results indicated that flow velocity and friction factors were 

similar across many shrublands and grasslands. Only plots with the highest ground cover 

exhibited significantly lower runoff velocities. Hydraulic relations did not differ between 

grass- and shrub-dominated surfaces; mean velocity (vm) increased with the rate of 

discharge (q) such that vm = 0.004 q0.46.  There was no evidence that shrubland 

microtopography resulted in a net concentration flow in a way that materially affected 

flow velocity, flow resistance or hydraulic relations at the plot scale. In fact, under certain 

conditions, shrubs appeared to actually reduce runoff and velocity compared to grass sites 

with low ground cover. Bare soil was the dominant variable explaining flow velocity in 

plots where ground cover was high regardless of vegetation type. Evidence suggests that 

with a threshold loss in ground cover (ca.~20% bare soil) the spatial distribution of 

vegetation becomes a more important factor in the velocity of shallow overland flow. The 
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affect of woody plants on horizontal water flux appears more complex than previously 

thought.  
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flow velocity, friction factor, resistance, runoff, shrub, surface hydrology  
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INTRODUCTION 

 

The proliferation of woody plants within historic grasslands has been observed on 

drylands worldwide (Archer, 1995; Van Auken, 2000), prompting numerous 

investigations of the potential ecohydrologic consequences (Breshears et al., 1998; 

Huxman et al., 2005). In terms of runoff and erosion on semi-arid landscapes, evidence 

suggests that the presence of woody plants alters infiltration and microtopography which 

may concentrate overland flow and lead to increased rates of discharge, flow velocity, 

and erosion (Wainright et al., 2000; Wilcox, 2004). These changes may be responsible, in 

part, for the increased spatial heterogeneity of resources observed in many shrub-

dominated systems (Schlesinger et al., 1996). The implication is that woody plant 

encroachment affects both the magnitude and spatial pattern of horizontal surface water 

flux. However, the available data linking vegetation change to concomitant change in 

overland flow is limited in that physical experimentation on hydraulic parameters has 

only been performed on a small number of natural plots.  

 

Several studies have examined rangeland hydraulic parameters by applying artificial 

rainfall and runon (e.g. Emmett, 1970; Parsons et al., 1990; Dunkerley, 2001), yet few 

studies have directly compared grass and shrub dominated surfaces to evaluate the 

potential consequences of woody plant encroachment.  Most of the available data has 

been derived from two contrasting hillslopes on the Walnut Gulch Experimental 

Watershed (WGEW) in Arizona (e.g. Abrahams et al., 1995; Parsons et al., 1996). These 
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studies found that 1) shrub mounds act to concentrate overland flow increasing discharge 

in intercanopy areas, 2) these intercanopy areas exhibit low flow resistance due to 

reduced cover, and 3) resistance to surface flow decreases with increasing discharge due 

to progressive inundation of surface roughness elements; thus, changes in discharge are 

absorbed in greater proportion by flow velocity. In contrast, grass-dominated surfaces are 

considered to have higher rates of infiltration and flow resistance and lower rates of 

discharge, velocity and erosion (see Wainwright et al., 2000 for a review). These 

overland flow characteristics may distinguish grassland from shrubland, but woody plant 

encroachment takes many forms in response to the combined effects of natural and 

anthropogenic disturbance (Archer and Stokes, 2000). The traditional view of linear 

vegetation succession and retrogression has been replaced by the state and transition 

concept where rangeland surfaces may exhibit multiple stable states with varying life 

form compositions (Westoby et al., 1989; Bestlemeyer et al., 2003; Briske et al., 2005). 

As an example, the ecological site representing much of the grassland surface on WGEW 

(Loamy Upland, site code: R041XC313AZ) has five possible states identified, four of 

which are partially defined by an increase in the proportion of woody plants relative to 

herbaceous plants, and two of which are considered shrub-dominated (see 

http://esis.sc.egov.usda.gov). These differing proportions of grass-woody composition are 

likely to have different effects on overland flow processes. For example, Weltz et al. 

(1992) who found no consistent relationship between vegetation type (shrub versus grass) 

and flow resistance, and Buono et al. (submitted) who observed high flow velocities on 

both grassland and shrubland surfaces. A more comprehensive understanding of the 
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ecohydrologic impacts of woody plant encroachment will therefore require testing across 

a spectrum of grasslands, savannas and woodlands.  

 

This study endeavored to test the local-scale effect of woody plants on overland flow 

hydraulics across a continuum of rainfall simulator plots ranging from grass-dominated to 

shrub-dominated. Rainfall simulations were performed on 41 large plots (2 x 6 m) across 

12 field sites and detailed hydraulic and ground cover measurements were conducted. It 

was hypothesized that the presence of woody plants would alter hydraulic conditions by 

increasing shallow flow velocity and decreasing shallow flow resistance. Ground cover 

characteristics were also examined in order to determine the dominant controlling 

variables. 

 

METHODS 

 

Study Area 

Twelve field sites (Table 1) were established within southeastern Arizona, in an 

area exhibiting features of the Sonoran Desert and Chihuahuan Desert on the west and 

east sides, respectively. Rainfall averages 250 – 400 mm yr-1 depending on elevation 

which ranges from 900 – 1600 m. Soils are predominantly sandy loam with varying 

degrees of gravel and rock cover and an argillic or calcic horizon at moderate depth. 

Slope gradients on the field sites averaged 12%. Data were collected between June and 

October 2006, and between June and August 2007. 
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Experimental Design 

At each study site, up to four plots were established (2 x 6 m) using vertical steel 

boundaries. A laser-based point intercept frame was used to record 400 samples of 

canopy and ground cover elements including litter, gravel, rock, vegetation basal area, 

and bare soil. Basal gap was recorded along three downslope and six transverse plot 

transects where gap was measured as the distance between line-intercept of vegetation 

basal area (minimum gap size was 10 cm). Gap distances were averaged to provide a 

mean value for each plot in cm. Rainfall was applied using the Walnut Gulch Rainfall 

Simulator which is an oscillating boom simulator capable of applying a range of rainfall 

intensities from 25 to 180 mm h-1 (Paige et al., 2004). The standard rainfall simulation 

consisted of an initial application of 62 mm h-1 for 45 minutes with a 45 minute rest 

period to achieve relatively consistent soil moisture conditions across all plots. A series 

of increasing rainfall intensities (62, 104, 126, 153, and 179 mm h-1) was then applied. 

Durations for each intensity depended on the time to steady state discharge conditions 

and the time required to conduct the velocity measurements described below. At the plot 

outlet, runoff was collected by a trough and channeled through a pre-calibrated flume, 

stage was recorded via an electronic staff gage, and discharge (q mm hr-1) was calculated 

using the flume's stage-discharge relationship.  

 

Velocity was measured under each rainfall intensity after discharge reached steady state 

for at least five minutes. Velocities were recorded using two methods: 1) the mean flow 
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velocity (vm) was collected by electronically timing the passage of an electrolyte tracer, 

and 2) a florescent dye tracer was used to visually measure the maximum velocity (vx). 

vm represents the plot-average flow velocity accounting for variation in the vertical 

profile (Luk and Merz 1992) and was used to derive the hydraulic parameters described 

below. vx was the velocity of the fastest flow path and is used here to compare with 

measures of velocity measurements reported in the literature. The following is brief 

description the methods used to measure these parameters, for a more detailed description 

see Buono et al. (submitted) who used a subset of the present data.  

 

An electrolyte solution was introduced across the width of the plot approximately 3 m 

uphill from the outlet. Simultaneously, a data logger (CR10X2 Campbell Scientific, 

Logan, UT) began recording resistivity of runoff over time using a specially constructed 

probe located in the flume. The moment equation was used to calculate the centroid of 

the curve of resistivity over time, which provided the travel time of the electrolyte tracer. 

This was divided by travel distance to derive the profile mean velocity, vm . The 

electrolyte solution also contained a fluorescent dye tracer. An observer recorded the 

elapsed travel time at the instant that the dye reached the end of the plot with a time 

stamp on a second channel in the data logger. The elapsed travel time divided by the 

application distance provided the maximum velocity (vx) in m s-1.  

 

Reynolds number, Re, was calculated as: 

                                                 
2 Does not imply an endorsement of product by USDA 
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ν
=

q4
Re       [1] 

where q = unit width discharge rate m2 s-1 and the kinematic viscosity was ν = 9.51E-07 

m2 s-1at an average temperature = 77º F. Although flow width was not systematically 

measured, runoff at the end of the plots generally extended across the width of the 2 m 

collection trough. The Darcy-Weisbach friction factor, ff, was calculated as:  

3
mv

gqS8
ff =       [2] 

where gravity g = 9.81 m s-2 and S = slope gradient in degrees.  

 

Data Analyses 

Plots were categorized as either grass or shrub surfaces based on the presence of woody 

vegetation which was defined as one or more established arborescent individuals that 

exhibited an observable effect on the soil surface (i.e. shrub mounding). Hydraulic 

parameters were compared using Analysis of Variance (ANOVA).  Due to the disparity 

in sample sizes of the two vegetation categories (n = 99 for grass and n = 65 for shrub 

data points), care was taken to ensure validity of the ANOVA assumptions. Equal 

variances were tested using the Levene Test, and when there was evidence of unequal 

variance the Welch ANOVA was performed. If statistical distributions appeared 

lognormal, the nonparametric Wilcoxon Rank Test was employed to test the location of 

median values (JMP, 2007). Due to the use of multiple rainfall intensities, comparison of 

hydraulic parameters between vegetation categories was also conducted by grouping data 
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by rainfall rates. Hydraulic relations, or the change in hydraulic parameters with 

discharge, were evaluated using (Emmett, 1970):  

vm ∝  q m       [3] 

ff ∝  q y       [4] 

The effect of ground cover characteristics on flow velocity was examined through 

individual and stepwise regression.  

 

Significance of all statistical analyses was determined at α = 0.05 unless otherwise noted. 

All analyses were performed in JMP 4.1, SAS Institute.  

 

RESULTS 

 

Data from 41 plots were collected across 12 field sites for a total of 164 data 

points, with 99 from grass surfaces and 65 from shrub surfaces. The field sites 

represented a wide array of conditions and vegetation states in desert shrubland, semi-

desert grasslands and oak woodland communities. These included grass dominated plots 

ranging from high to low ground cover, mixed life form states exhibiting an occasional 

woody overstory within an herbaceous matrix, and shrub-dominated shrub plots nearly 

devoid of herbaceous species (Figure 1). Land management and disturbance were also 

well represented with varying degrees of grazing intensity and wildfire history across the 

sites (Table 1). Shrub species included Larrea tridentate (creosote bush) on site LH, 

Prosopis velutina (mesquite) on site E4s, and Arctostaphylos pungens (manzanita) on 
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sites Ss and Ab. It should be noted that although plots were categorized as ‘shrub’, 

herbaceous species may have been present in the understory or interspace areas.  Plots 

located on the same field site were considered replicates. On one of the oak woodland 

study sites, two plots were located on grassland between woody species (Sg) and two 

under woody species (Ss).  

 

Hydraulic Parameters 

Measured velocities spanned an order of magnitude (Table 2).  Based on the quantiles 

representing the 90th percentile, high flow velocities occurred on both grass and shrub 

sites. For example, mean vm ≥ 0.044 m s-1 were observed on shrub site Ss and grass site 

Pb. Aggregate vm on shrub plots (0.034 m s-1) was higher than on grass plots (0.030 m s-

1) (Welch ANOVA, Prob > F = 0.0251) as was its variance (Levene Test, Prob > F = 

0.0480). The difference in aggregate vm on shrub versus grass plots appeared due to the 

relatively low velocities on two of the grass sites with very high ground cover, Wb and 

Tb. These sites exhibited significantly higher mean ground cover (97% and 93%, 

respectively) than all other field sites (Tukey-Kramer Test at 95% confidence). Removing 

these two sites from the ANOVA indicated that although the variance was still 

significantly higher on shrub surfaces, vm did not vary by vegetation category. The 

maximum velocity (vx) of the fastest flow path, was not significantly different between 

grass and shrub plots regardless of rainfall intensity.  
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Darcy-Weisbach friction factor (ff) values ranged from 2 to 329 (Table 2). Median ff 

values were higher on grass plots than on shrub plots (Wilcoxon Rank Test, Prob >Z = 

0.0002). As with vm, this difference was due to the high cover grass sites, Wb and Tb 

which yielded median ff values of 248 and 167, respectively (as compared to the median 

of ff = 36 among all other data points). After removing these sites Wb and Tb from the 

analyses there was no difference in ff between vegetation categories.  

 

Hydraulic Relations 

Increases in flow velocity were accompanied by increase in discharge in both grass and 

shrub plots (Figure 2): 

Grass vm = 0.0035q 0.464,  r2 = 0.44    [5] 

Shrub vm = 0.0038q 0.483,  r2 = 0.43    [6] 

Analysis of Covariance (ANCOVA) performed on the log transformed variables 

indicated no significant difference in slopes or intercepts of Eqs. 5 and 6. Therefore the 

exponents describing the hydraulic geometry (Eq. 3), m = 0.46 for grass and m = 0.48 for 

shrubs, were not significantly different, implying surfaces responded similarly to changes 

in discharge. Pooling all data yielded a general relationship wherein flow velocity 

accounted for roughly half of the increase in discharge: 

vm = 0.004 q 0.46, r2 = 0.40.      [7] 

 

The friction factor decreased with discharge for both vegetation categories (Figure 2). 

These relationships exhibited a lower coefficient of determination than the velocity 
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relations as any scatter in measured vm would be increased exponentially (Eq. 2), but the 

relationships were significant for both grass and shrub plots: 

Grass ff = 2105 q -0.801, r2 = 0.22     [8] 

Shrub ff = 689 q-0.713, r2 = 0.12     [9] 

ANCOVA performed on the log transformed variables indicated that neither the slope nor 

intercept terms of these regression equations were significantly different (two tailed test; 

Prob > F = 0.0816). Pooling all data yielded the general relationship: 

ff = 1041 q -0.708, r2 = 0.13      [10] 

 

Ground Cover Characteristics 

Surface conditions varied widely, with the amount of bare soil ranging from 43% on site 

Ss to 3% on site Wb, averaging 33% across all sites. Basal gap was lowest on site Wb 

with gap = 35 cm, and highest on site Ss with gap = 114 cm, averaging 66 cm across all 

plots.  Based on a forward stepwise regression of the 41 plots with mean flow velocity as 

the dependent variable, bare soil was the dominant measured variable explaining 48% of 

the observed variation:   

log(vm) = -3.242 + 0.207 log(bare soil), r2 = 0.48   [11] 

where the log of vm increased as the log of bare soil increased. The other measured 

characteristics did not enter the stepwise model or explained little (<10%) of the 

variation.  
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DISCUSSION 

 

Hydraulic Parameters and Relations 

Summarizing the results, there was little difference between the grass and shrub 

sites in terms of flow velocity, friction factors, and hydraulic relations. Observed 

statistical differences appeared to be due to two sites representing extreme conditions of 

very high ground cover. For example, velocities were significantly lower and friction 

factors were significantly higher on grass surfaces, but the difference was only 

statistically significant when the two grass sites with the highest ground cover (Wb and 

Tb) were included in the analyses. There was no difference in hydraulic relations as 

velocity accounted for roughly half of increases in discharge on both types of surfaces.  

 

Maximum surface velocities (Table 2) were similar (0.013 < vx < 0.218 m s-1) to those 

recorded by Emmett (1970) who simulated rainfall on seven large plots (13 m long) in 

Wyoming. Emmett (1970) utilized a single rainfall intensity of ~200 mm hr-1 and 

measured overland flow depths and surface velocity at 0.3 m intervals downslope during 

steady-state discharge conditions. Despite the longer slope length, a rainfall intensity 

greater than the highest used in our experiments, and surfaces dominated by sage brush 

(Artemesia tridentata), the maximum velocities were comparable to those of our data.  

 

There was little difference in observed ff values between shrub and grass surfaces. 

Moderate to low cover grass surfaces displayed resistance to flow similar to shrub 
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surfaces. This finding is similar to Weltz et al. (1992) who simulated rainfall on large 

plots throughout the western US and found no consistent relationship between ff and 

vegetation type (shrub versus grass). Using a Kinematic Wave optimization model to 

compute flow resistance from the rise of the observed hydrograph, they reported 

shrubland values ranging from 6 < ff < 108 and grasslands from 24 < ff < 141. Although 

it is unclear why their reported value for the Lucky Hills shrubland (ff = 16) was lower 

than ours (minimum computed ff value for site LH was 31), their study conducted on 14 

sites across nine US States indicates that the effects of shrubs are varied.   

 

Wainwright et al. (2000) and others have hypothesized that on shrub surfaces, vegetation 

related microtopography acts to progressively concentrate flow into relatively fewer but 

faster flow paths while grass surfaces diffuse flow. As vx is a measure of the maximum 

velocity of the fastest flow path (Buono et al., in prep), it should be an indicator of the 

concentration of flow into faster paths. However, our data showed no difference in vx 

between vegetation categories. Both grass and shrub surfaces exhibited complex flow 

patterns with relatively faster flow paths outpacing surface velocities on other portions of 

the plot. Data from Emmett (1970) also illustrated this. The range of velocities on his 13 

m shrub plots was similar to those here, including the velocities observed on grass 

surfaces where vx is expected to be lower. Although Emmett noted that microtopography 

and vegetation bifurcated flow causing complex flow patterns with varied velocities, 

there was no evidence that the bifurcation lead to a net concentration of flow into faster 

flow paths.  
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Shrub mounds were seen to concentrate flow into distinct flow paths (based on 

observation of the dye front patterns). However, mounds further down slope also 

obstructed and bifurcated these concentrated flow paths. This obstruction of flow may 

potentially reduce surface velocities. An example of this process can be seen in a 

comparison of sites E4g and E4s. Located within 100 m of each other, these sites 

exhibited very similar physical conditions with shallow slopes (~ 5 degrees), fine sandy 

loam surface textures, high bare soil (~60%) with low rock cover, and a sparse canopy 

cover of Lehmann love grass (Eragrostis lehmannii). The only difference between these 

sites was the presence of one or two small (<2 m in height) but established mesquite 

(Prosopis velutina) individuals on the E4s plots (as seen in the photograph of Figure 1). 

While the grass plots on site E4g exhibited broad sheet flow, microtopography associated 

with the shrubs on site E4s was observed to obstruct large portions of the plots (~ 1 m in 

width). Flow was forced to flow around the shrub mounds. However, maximum 

velocities measured at the plot outlet were not significantly different on the two surfaces. 

One possible explanation is that the obstruction to flow due to the mounds reduced the 

overall velocity enough to offset any potential increases due to flow concentration. 

Unlike the small conical mounds under Larrea canopies (see Parsons et al., 1996 for an 

illustration), mounds beneath the Prosopis canopies on site E4s were broad and flat and 

extended beyond the tree canopy in the upslope direction. This type of mound structure 

may not cause a progressive concentration of flow. As observed by Bochet et al. (2000), 

mound structure is a function of species and is affected by slope. Therefore different 
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woody species may have differing effects on overland flow dependent on the manner in 

which they affect microtopography. Another explanation is that runon infiltration into the 

mound significantly reduced discharge on the plot; runon infiltration into shrub mounds 

is not well understood but may be significant (Howes and Abrahams 2003). Overall, 

shrub and grass surfaces in this study did not display significant differences in runoff and 

infiltration, but on the two sites in question the shrub site had a significantly higher 

infiltration rate (i) than the grass site (E4s median i = 23 mm hr-1, E4g median i = 3 mm 

hr -1). Given the proximity and similarity of the sites in terms of topoedaphic conditions 

and land management, the difference in infiltration was likely due to the presence of the 

shrubs.  

 

Other studies have found shrubland velocities to be significantly higher than grassland. 

Two large plot studies conducted on Walnut Gulch Experimental Watershed (WGEW) by 

Parsons et al. (1990), Abrahams et al. (1995), and Parsons et al. (1996) (reviewed by 

Wainwright et al., 2000) found marked differences in overland flow between the shrub 

and grass surfaces. Parsons et al. (1990) simulated rainfall on a large shrubland plot and 

calculated velocity from measurements of depth along two transects at downslope 

distances of 12.5 and 20 m. A similar experiment was later conducted on a nearby 

grassland surface, with measurement transects located at 6, 12, and 20 m. They compared 

these two studies to evaluate the effects of woody plant encroachment on overland flow 

characteristics. Using a rainfall intensity of ~ 80 mm hr-1, they determined hydraulic 

relations in two ways: 1) at-a-section relations during the rising limb of the hydrograph, 
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and 2) comparing steady-state values between transects to obtain down slope relations. 

For at-a-section relations at 6 and 20 m on the grassland, velocity decreased with 

increasing discharge (m = -1.09 and m = -0.21, respectively) but increased at 12 m (m = 

0.50). No explanation for the decrease in velocity at 6 and 20 m, and the increase in 

velocity at 12 m, was given by Abrahams et al. (1995). Compared to the present results, 

which showed m = 0.46 (Eq. 7), only the 12 m cross-section was comparable. Their 

shrubland relations at the 12.5 and 20 m transects (m ≈ 0.23) were lower than Eq. 7. As 

the present study measured hydraulic parameters during a range of steady-state discharge 

conditions, a comparison to downslope relations may be more appropriate than at-a-

section relations. Abrahams et al. (1995) reported downslope relations on the grassland as 

m = 0.50, which is very similar to the present results, but on the shrubland m = 1.0. In 

other words, velocity on the shrubland accounted for all of the increased discharge, and 

depth did not increase with distance (or discharge). From this they inferred that shrubland 

microtopography progressively concentrated flow downslope into fewer flow paths, and 

resistance to flow from rock and gravel on the shrubland surface was overcome more 

readily with depth. This is opposed to grasslands with no flow concentration where 

protruding roughness elements exerted resistance to flow at all depths. The higher mean 

velocities reported on the shrubland were also attributed to flow concentration. Our study 

offers a different perspective in that velocities were comparable on most grass and shrub 

surfaces and hydraulic relations were not significantly different. We saw no evidence of 

progressive concentration of flow on the plots.  
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Given this discrepancy, surfaces on WGEW similar to those examined by Parsons et al. 

(1990), Abrahams et al. (1995), and Parsons et al. (1996) were isolated for analyses. 

Velocities from the plots on sites LH and K are graphed in Figure 3. Site LH is a 

shrubland in the Lucky Hills small watershed and has the same soil-vegetation 

association as the shrubland originally studied by Parsons et al. (1990). Site K is a 

grassland in the Kendall small watershed which has the same soil-vegetation associations 

as the grassland site studied by Abrahams et al. (1995) and Parsons et al. (1996). Figure 3 

also contains the relations reported in these previous studies (data were digitized from 

figs. 6 and 8 of Abrahams et al., 1995). As seen in Figure 3, velocities from this study are 

similar on both surfaces and are also consistent with the general relationship of Eq. 7. 

The grassland relation obtained by Abrahams et al. (1995) is also similar but the 

shrubland is distinctly different, exhibiting higher velocities and a steeper slope. Because 

their experiment calculated velocities at distances of 12.5 and 20 m, and this study was 

conducted at 6 m, it was possible that their hydraulic relations represent a different 

portion of the hillslope. This possibility was explored by examining data from Emmett 

(1970) who used 13 m plots. That study derived hydraulic relations by down slope 

comparison, but a much greater number of transects were used for at-a-section 

measurements (40 transects per plot). On the seven shrubland surfaces he examined in 

Wyoming, the relationship between mean flow velocity and Reynolds number was (our 

calculation with data points for which the computed mean velocity was greater than the 

measured surface velocity were removed as described by Buono et al., [in prep]):  

vm = 0.0064 Re 0.410, r2 = 0.46      [11] 



84 
 

Velocity increased with discharge rate such that m = 0.410 which is similar to the present 

findings (m = 0.461). This suggests that this relationship holds, on many shrub and grass 

surfaces, for slope lengths up to 13 m. Further, the grassland relation reported Abrahams 

et al. (1995) (m = 0.50) suggests that it may extend up to 20 m on some grass surfaces. It 

may also apply to some concentrated flow scenarios. For example, Nearing et al. (1999) 

measured velocity and discharge in rills on WGEW. Generating artificial runon in rills 

(0.14 m wide and 3 m long), they observed Reynolds number ranging from 3000 to 

30000 and velocities ranging from 0.142 to 0.409 m s -1 for slopes between 3 to 30%. 

They reported relation very similar to Eq. 7: 

vm = 0.004 Re 0.459, r2 = 0.92     [12] 

Therefore, it appears that roughly half of increases in the rate of discharge are 

accommodated by velocity on many surfaces. This appears to occur for large portions of 

the hillslope, and in some rill flow scenarios. 

  

The value of m =1, reported for the shrubland by Abrahams et al. (1995), is inconsistent 

with this finding. A value m = 1.0 seems improbable as it implies that depth does not 

increase with distance or discharge. Values for m are generally obtained by the line of 

best fit for the log transformed vm and q, but the Abrahams et al. (1995) relations were 

derived from just two data points to determine the log-log relationship (the steady-state 

vm-q values at transects at 12.5 and 20 m). Also, the transects were staggered on the 

hillslope and it is not apparent that the flow crossing each section represented the same 

continuous overland flow path. In the original shrubland study by Parsons et al. (1990), 
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flow width was reported to decrease with downslope distance (based on table 2 width 

decreased from 70% of the measured section at 6 m to 30% at 12 m). If rainfall was 

uniform over the entire plot, it is unclear why runoff was not generated outside of the 

concentrated flow paths at the downslope transect (which would have added to and 

increased flow width). In conclusion, there is little evidence to support the hypothesis that 

shrubs progressively concentrate flow in a manner that materially affects flow velocity or 

hydraulic relations.  

 

It should also be noted that a recent vegetation change on WGEW is not likely to have 

affected the present results. Prolonged drought is believed to have caused mortality in the 

native perennial midgrass population and enabled replacement by an invasive grass 

Eragrostis lehmannii on the Kendall grassland (Hamerlynck et al., 2007). However, 

comparing ground cover elements before and after the observed vegetation change 

illustrated little change in surface characteristics (in 2007 litter cover = 41% and rock 

cover = 24% versus 2002 litter cover = 38% and rock cover = 28%; unpublished data).  

 

Ground Cover Characteristics 

 Of those measured, bare soil was the dominant variable explaining 48% of the 

observed variation in mean velocity. As bare soil increased, velocity increased (Eq. 11). 

However, as Figure 4 illustrates this relationship (presented as a power function) appears 

to be controlled by the three field sites with the lowest fraction of exposed bare soil, sites 

Wb, Tb and LH. When these sites were removed from the regression analysis, bare soil 
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was not a significant variable and basal gap became the dominant factor controlling 

velocity. Basal gap is a spatial metric measuring the average distance between plant 

bases. Best fit by a linear function: 

vm = 0.021 + 0.00018 (basal gap), r2 = 0.41,   [12] 

On surfaces with a moderate to high fraction of exposed bare soil mean velocity increases 

with distance between plants. This suggests that below a possible threshold of ~ 20% 

bare soil, velocity is partially controlled by the average amount of ground cover. Above 

this threshold, spatial factors may increase in importance. 

 

The three sites below this threshold value were Wb, Tb and LH. The low velocities 

observed on Wb and Tb were expected, as these sites represented high condition 

grasslands in the historic climax plant community. These sites displayed very high 

canopy and ground cover with latter composed almost entirely of litter which has been 

shown to exert much higher resistance to flow than other forms of ground cover 

(Dunkerley, 2003). The relatively low velocities observed on the LH shrubland, however, 

were surprising as they were lower than the K grassland (Figure 3) and lower than several 

other grass sites. A possible explanation is that the high rock cover (46%) and low bare 

soil (15%) created a rough surface that retarded flow throughout the range of imposed 

discharge rates. This type of surface condition is believed to be the result of accelerated 

erosion that has removed a portion of the A-horizon causing the rocks in the profile to 

cover the surface (Parsons et al., 1990; Abrahams et al., 1995; Parsons et al., 1996). 

Although not all surfaces have the capacity to reach this condition, which is dependent 
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upon the presence of rocks in the surface soil profile, it appears that some states of woody 

plant encroachment may exhibit reductions in flow velocity as armored surfaces form.  

 

 

CONCLUSIONS 

 

The affect of woody plant encroachment on horizontal water flux appears more 

complex than previously suggested. Grass and shrub surfaces exhibit similar flow 

velocities and friction factors when the fraction of exposed bare soil is moderate or high. 

Further, both grassland and shrubland surfaces appear to have similar hydraulic relations; 

velocity increases and friction decreases with increasing discharge. Within the slope 

lengths discussed here, there is no evidence that shrubland microtopography acts to 

progressively concentrate flow in a manner that increases flow velocity. Comparing a 

sparse grassland (E4g) to an adjacent shrubland site (E4s), maximum flow path velocities 

were not significantly different. Although it was observed that the microtopography 

forced flow around the shrub mounds, this concentration of flow may be offset by the 

obstruction of flow, or possibly by a decrease in runoff due to runon infiltration into the 

shrub mound. In this case, the increase in shrubs appears to cause only local changes in 

spatial distribution of runoff as changes were not detectable at the plot. The only 

detectable change was a significant decrease in runoff on the shrubland. This is an 

example of a state of woody plant encroachment with a relatively low number of shrubs 

whose effect on the soil surface may actually reduce overland flow runoff and velocity.  
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Only surfaces with very high ground cover, such as the Wb and Tb grass sites, displayed 

distinctly lower flow velocities. While it is unclear how representative of other semi-arid 

grasslands these sites are, given their mean ground cover of 95%, it is conceivable that 

the establishment of woody plants could reduce ground cover and result in an increase in 

flow velocity. However, this reduction could also be caused by many other natural and 

anthropogenic factors such as grazing and drought. In addition, based on the most 

entrenched shrubland state studied here, site LH, the presence of woody plants may 

eventually lead to a reduced flow velocity if an armored rock surface forms.   

 

Ultimately the effect of vegetation change on overland flow may depend on how ground 

surface characteristics are altered. Based on the preliminary analysis, velocity on high 

cover surfaces increases rapidly with bare soil until bare soil reaches a value of roughly 

20%. As the amount of exposed soil exceeds this range, the spatial arrangement of 

vegetation or ground cover may become an important factor as velocity is likely to 

increase with distance between plants. To better understand the specific controls on 

velocity, future studies should examine other vegetation states and conditions and 

consider measuring more surface characteristics including spatial metrics and measures 

of microtopography.  
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Table 1. Description of field sites including average slope and ground cover, vegetation 
community and category (shrub versus grass) and land management notes. 
 

Site Vegetation 
Community 

Vegetation 
Category 

Slope Ground 
Cover 

Land Management and 
Disturbance Notes 

   % %   

Ab 
Oak 
Woodland 

Shrub 9 51 Low grazing 

E2 Short grass Grass 13 75 Moderate to low grazing 

E3 Short grass Grass 13 70 Moderate grazing 

E4g 
Mesquite 
Grassland 

Grass 5 37 Moderate grazing 

E4s 
Shrub-
Mesquite 
Grassland 

Shrub 4 44 
Moderate grazing, recent shrub 
treatment 

K Grassland Grass 11 65 
Moderate grazing, drought induced  
recent vegetation change 

LH Shrubland Shrub 16 85 No grazing last 45 yrs 

Pb Grassland Grass 8 53 No grazing last 42 yrs 

Sg 
Oak 
Woodland 

Grass  17 68 
Low grazing, wildfire 1 yr 
previous 

Ss 
Oak 
Woodland 

Shrub  14 37 
Low grazing, wildfire 1 yr 
previous 

Tb Grassland Grass 29 93 Low grazing 

Wb Grassland Grass 9 97 
Low grazing, wildfire 1 yr 
previous 

 

 



  

Table 2. Descriptive statistics for the observed hydraulic parameters for the grass and shrub vegetation categories and the entire data 
set.  
 

 All Data  Grass Surfaces  Shrub Surfaces 

 Min Max Mean SD  Min Max Mean SD  Min Max Mean SD 
               

vm (m s-1) 0.010 0.073 0.031 0.011  0.001 0.052 0.030 0.010  0.012 0.073 0.034 0.013 

vx (m s-1) 0.023 0.212 0.098 0.039  0.023 0.213 0.093 0.036  0.024 0.207 0.105 0.043 

               

q (mm hr-1) 14 180 95 40  26 180 98 40  14 172 91 39 

Re 100 1280 676 280  185 1280 682 284  100 1224 648 275 

ff 2 329 70/44 71  9 329 84/52 80  2 208 50/31 50 
 

Note: Friction factor (ff) is reported in mean/median values. n = 164 for all data, n = 99 for grass data points, n = 65 for shrub data 

points. SD = standard deviation; vm = mean velocity; vx = maximum velocity; q = unit discharge; Re = Reynolds number. 
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A  

 
B 

 
C 

 
D 

Figure 1. Photos illustrating the range of conditions on four field plots: A) a plot on site 
LH which is a Larrea-dominated shrubland plot in the Lucky Hills (LH) watershed of 
Walnut Gulch Experimental Watershed; B) Prosopis-grass savanna plot on site E4s; C) 
grass plot on site E3; D) grassland plot with some of the highest ground cover observed 
in the area (site Wb), representing an historic climax plant community. All photographs 
were taken looking uphill. The 2 x 6 m plot borders can be seen along with the collection 
trough and flume in panel B.  
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Figure 2. A) mean velocity versus discharge and B) ff versus discharge for shrub and 
grass surfaces. Lines of best fit for grass in gray and shrub in black. ANCOVA indicated 
no significant difference in either the slopes or intercepts of the transformed variables. On 
both types of surfaces velocity increases with discharge and ff decreased. 
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Figure 3. Mean velocity (vm) versus Reynolds number (re) for shrub (LH) and grass (K) 
sites on Walnut Gulch Experimental Watershed compared to the relations digitized from 
Abrahams et al. (1995) for grass (dashed gray) and shrub (solid gray). Discharge is 
presented as Re for means of comparison between studies. A general agreement can be 
seen for all data series, except the shrub relations reported by Abrahams et al. (1995).  
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Figure 4. The relationship between mean plot velocity (vm) and bare soil fraction for all 
data points (from Eq. 11). Velocity initially increases rapidly with bare soil, but it appears 
constant above a value of roughly 20%. After field sites with the lowest mean bare soil 
(Wb, Tb and LH) were removed from the analysis, bare soil was not related to velocity 
and basal gap became the dominant factor (Eq. 12). This suggests a potential threshold 
where spatial metrics increase in importance.  
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ABSTRACT 

 

Synthetic Aperture Radar (SAR) has been used to quantify stand structure in 

closed-canopy forests but few studies have focused on semi-arid grasslands, savannas and 

woodlands where woody cover and biomass is relatively low and where the effects of 

sub-canopy vegetation, ground surface roughness and soil moisture are likely influence 

results. This study examined the relationship between SAR signal behavior and woody 

plants across a range of sparsely vegetated surfaces. Detailed measures of vegetation, 

surface roughness and soil moisture were collected on five field sites coincident with 

Radarsat imagery at two incidence angles. Backscatter increased with increasing shrub 

height and volume, respectively explaining 74% and 90% of the observed variation. At 

larger incidence angles the effects of the soil surface and subcanopy species were 

reduced. The scattering of the C-band, HH signal over sparsely canopied shrubland 

appears volumetric in nature. This study illustrated that SAR could be used to map 

woody biomass in mixed ecosystems. This type of mapping should aid estimation of 

terrestrial carbon flux.  

 

KEY WORDS 

biomass, carbon, encroachment, height, shrub, volume  
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INTRODUCTION 

 

Management of atmospheric carbon will require a better accounting of terrestrial 

carbon stocks at national and regional levels. Remote sensing will play a vital role in 

these efforts due to its ability to cover large and remote areas. Much progress has been 

made on the use of aerial and space-borne sensors to measure biophysical metrics related 

to above-ground carbon, such as woody biomass and forest structure (see Lu [2006] for a 

review); however, relatively few studies have focused on dryland environments with 

mixed life forms and open canopies. Drylands comprise over 40% of Earth’s landmass 

(MEA 2005) and are undergoing significant vegetation change as increases in woody 

species have been observed worldwide (Archer et al., 1995; Van Auken, 2000). This 

vegetation change is thought to have a significant affect on carbon stocks but precise 

estimates of carbon flux remain unknown, in part due to the difficulty in measuring the 

extent and rate of change in these systems (Pacala et al., 2001; Burrows et al., 2002; 

Houghton, 2003). Our capacity to predict consequences of global change on 

biogeochemical cycling will depend on the ability to derive accurate measurements of 

biomass over large areas and diverse conditions. 

 

Considerable attention has been given to the estimation of forest structure or biomass via 

remote sensing in temperate, boreal, and tropical forests. In particular, measurements of 

radar backscatter have been related to a variety of metrics of woody stand structure 

including tree height, basal area, trunk diameter, and canopy elements (Dobson et al., 
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1992a; Kasischke et al., 1997; Tansey et al., 2004). General results indicate that radar 

signal return increases with increasing biomass, up to a wavelength-dependent saturation 

point (e.g. Dobson et al., 1992b; Santos et al., 2002). For example, Dobson et al. (1992b) 

reported that P-band (440MHz) and L-band (1.225 GHz) backscatter were linearly related 

to coniferous forest biomass, saturating at ~200 tons ha-1 for the former and ~100 tons ha-

1 for the latter. Santos et al. (2002) described a nonlinear relationship between L-band 

backscatter and biomass for a tropical savanna-forest contact zone saturating at 60 t ha-1. 

While these empirical relationships provide fairly accurate estimates of biomass 

(explaining roughly 90% of the variation in biomass in the former study and 70% in the 

latter), they are specific to the forest type and conditions in question. In contrast to the 

native and commercial forests that were the focus of most previous studies, dryland 

systems are often characterized by mixed life forms with widely spaced woody 

individuals, or small clusters, within an herbaceous matrix. These areas represent a 

complex set of scatterers with diverse structural elements, varying spatial configurations, 

and relatively low overall biomass. Given the small stature and growth habit of many 

dryland woody species, shorter wavelengths such as C-band (5.3 GHz) may be more 

successful for biomass monitoring. Further, the wide spacing and varying spatial 

configurations of woody plants are likely to result in a greater influence of sub-canopy 

life forms and ground surface conditions. In addition, the issue of signal saturation at high 

levels of biomass may not be relevant to drylands where it is more probable that low 

levels of biomass are a limiting factor. A research focus specific to drylands is needed to 
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determine optimum sensor configuration and to identify the potential to detect relatively 

small changes in biomass.  

 

Preliminary evidence suggests that synthetic aperture radar (SAR) signal return is related 

to shrub cover and density within mixed semi-arid rangelands. Musick et al. (1989) 

evaluated the capacity of Airborne Synthetic Aperture Radar (AIRSAR) to distinguish 

shrub cover classes on New Mexico rangelands. They used a variety of wavelengths (P-, 

L- and C-band), fully polarimetric signal (sending and receiving radar signal in 

horizontal-horizontal [HH], vertical-vertical [VV] and horizontal-vertical [HV] 

polarizations), and a range of incidence angles (22 ≤ θ ≤ 60 degrees) (where θ = 

incidence angle in degrees from nadir). It was found that radar backscatter tended to 

increase with increasing shrub cover, and that L-band HV signal was the optimum sensor 

configuration with the ability to accurately distinguish small changes in cover class (e.g. 

between <1% cover and 1-5% cover). Patel et al. (2006) hypothesized that the sparse 

woody canopy of dryland shrubs would result in volumetric scattering of the SAR signal 

at a given wavelength. They reported significant relationships between density of 

Prosopis juliflora (mesquite) individuals and multiband polarimetric SAR on rangelands 

in India, finding that L-band cross-polarized (HV) radar was best suited for 

distinguishing shrub density (plants per 100 m2). While these studies show promise for 

the application of SAR for dryland carbon mapping, they are limited in that they focused 

on woody plant cover or density which may not provide sufficient input for subsequent 

calculations of biomass. For example, Huang et al. (2007) demonstrated that although 
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remotely sensed estimates of woody cover were generally reliable predictors of biomass 

of mesquite on an Arizona savanna, the potential for error was significant when no 

consideration was given to disturbance history and other factors affecting stand structure. 

They suggested that operational accuracy would be improved using the detection of plant 

height to produce 3D metrics of vegetation volume. Considering the previous application 

of SAR to forests, radar may provide these estimates of woody plant height which could 

be combined with estimates of cover to calculate volume. Furthermore, if the SAR signal 

over sparse woody canopies is volumetric in nature, then direct estimates of biomass and 

carbon may be possible by relating signal return to woody plant volume. 

 

This study endeavored to determine the relationship between SAR signal and sparse 

woody canopies indicative of a North American desert. While many previous studies 

have utilized a large number of field sites at the expense of detailed field measurements, 

this investigation conducted a comprehensive characterization of fewer sites with 

extensive sampling of vegetation metrics, soil moisture and surface roughness in order to 

potentially identify their relative influence. Field sites represented a range of conditions 

and dominant shrub species to assess the capacity of measuring relative small changes in 

woody canopy structure. We hypothesized that, similar to the reported successes of 

measuring tree height and volume in closed canopy forests, SAR signal would be related 

to woody plant height and volume in a mixed life form semi-arid rangeland. This was 

tested by comparing C-band signal return in HH polarization to field measures of canopy 

cover, plant height, vegetation volume, surface roughness and soil moisture. Two SAR 
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images were collected at different incidence angles and mean signal power return over 

each field site was calculated. Regressions were then conducted to identify the 

controlling variables. A second hypothesis was generated based on the assumption that 

even a sparse woody canopy would result in volumetric scattering. Because of the 

reduced angular dependence of volumetric scattering relative to surface scattering 

(Henderson and Lewis 1998), we hypothesized that signal return between two different 

incidence angles would be less likely to vary on targets with a significant woody canopy. 

This was tested by differencing the two SAR images for comparison to the field data. 

Greater differences in backscatter were expected on sites with no woody plants versus 

sites with woody canopies.   

 

METHODS 

 

Study Area  

Studies were conducted on the Jornada Experimental Range (JER) near Las 

Cruces, New Mexico (Figure 1). Located within the Chihuahuan Desert, the area receives 

an average annual precipitation of 21 cm year -1 with the majority falling from July to 

September. Vegetation of this area consists of mixtures of desert shrubs and gramminiod 

species.  

 

Five sites characterized by homogenous vegetation representing contrasting structures 

were chosen (Figure 2). The sites ranged from herbaceous dominated with no woody 
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plants to shrub dominated with relatively little herbaceous biomass. Shrub sites c1 and c2 

contained different densities of Larrea tridentada (creosote bush), a grass-dominated site 

(gr) with Bouteloua eripoda (black gramma), a mixed transitional site (trans) with an 

over story of Prosopis glandulosa (honey mesquite) within an herbaceous matrix, and a 

tar bush site (tb) dominated by Flourensia cernua (Figure 2). A description of each site, 

including dominant vegetation and soil map unit, is presented in Table 1. 

 

Field Measurements 

Plots (150 m x 90 m) were established with a north-south or east-west orientation and 

bounding coordinates were recorded using a GPS. Vegetation measurements were made 

along five transects 30.5 m in length. Transect locations were randomly placed within a 

standardized grid pattern (after Marsett et al., 2006). Canopy cover was measured using 

line intercept with the contribution by each life form (grass, forb, shrub) recorded 

separately. The percent cover for each life form was calculated by summation of 

intercepted length over total transect length. Canopy interspaces within an individual 

plant were not included in the intercepted width. Plant height was recorded as the foliar 

material intersecting the transect at intervals of 0.3 m. At intervals where no plant 

intersected the transect, the nearest plant perpendicular to the transect was measured. 

Average plant height was derived as the mean height for each plant life form along all 

five transects. Plant height measurements were based on 500 measurements per field site, 

however, all life forms were not well represented. For example, some transects 

intersected only one or two samples in the grass category. Therefore, grass and forb life 
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forms were combined into one herbaceous category. The other category was shrubs 

which included sub-shrubs and true shrubs. This categorization resulted in a more even 

sample size in both categories, with nearly 50% of measurements recording each life 

form.  

 

An estimate of vegetation volume was computed by multiplying the mean foliar cover of 

each field site (% cover of the 150 m x 90 m area) by mean plant height (m). It was 

assumed that these estimates provided an indication of the relative volume of vegetation 

on each field site. Estimates were computed by life form, and are presented in units of 

m3. Soil moisture to a depth of 5 cm was recorded using a Dynamax3 theta probe along 

the five vegetation transects. On each transect, ten samples were collected for a total of 

50 per site from which average soil moisture was calculated in percent by volume. 

Surface roughness was measured along 4 transects randomly placed within a standardized 

grid pattern using a pin frame roughness meter. The pin frame was 1 m in length and was 

placed 5 times on each transect for a total of 20 m per site. For each placement of the pin 

frame, a digital camera was used to photograph the 100 pins and an image processing 

program was used to derive root mean square height (hrms) in cm, with transects 

detrended at 1 m lengths as recommended by Bryant et al. (2006). All field measurements 

were conducted on June 11 and 12, 2006. 

 

Image Processing 

                                                 
3 Does not imply endorsement by USDA. 



111 
 

 

Two RADARSAT standard beam 7 images were acquired in June 2006. Incidence angles 

were 22º for 6 June 2006, and 39º for 18 June 2006. The images were processed using a 

terrain correction algorithm and converted from DN to σº (dB). A 5 x 5 median filter was 

then applied in ERDAS 9.1 (Leica GeoSystems, Inc) based on the recommendations of 

Thoma et al. (2007). For statistical analyses, images were converted to signal power 

using:  

10
dB

10
°σ

=β       [1] 

Results are mainly reported in β with some discussion of σº values (dB) as a means of 

comparison to the literature.  The two images are hence referred as β22, and β39, for the 

incidence angles of 22º and 39º, respectively. A third image was generated by subtracting 

β39 from β22, denoted hereafter as β∆. This difference image was used to evaluate our 

second hypothesis (that shrub sites would result in volumetric scattering and would 

therefore exhibit less angular dependence). An overlay of vector layers (roads and 

boundaries) indicated that images were within a single pixel of selected ground control 

points. Using the GPS coordinates of the field sites, pixel values were extracted from the 

images to obtain mean power values for each field site.    

 

Statistical Analyses 

The various field measurements, including vegetation metrics, soil moisture and surface 

roughness, were evaluated as independent variables potentially controlling signal return 

over the field sites. Comparison of these measurements between field sites were 

performed via analysis of variance (ANOVA) to ensure a statistically diverse set of 
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treatments was established. Ordinary least squares regression was used to identify the 

significance of the effect of the independent variables on the signal power observed in the 

images.  

 

 

RESULTS 

 

Surface roughness ranged from 0.3 < hrms < 1.1 cm on sites c2 and gr, 

respectively (Table 1). Site gr had a significantly higher surface roughness than all other 

field sites (ANOVA Tukey-Kramer Test with α = 0.05). Soil moisture was relatively low 

across all sites, ranging from 1% to 5% on sites trans and tb, respectively.   

 

Overall vegetation cover was relatively low, with transect averages ranging from 2% to 

14% and field site averages ranging from 3% to 9%. Variation in plant height was more 

marked with significant differences in both herbaceous and shrub vegetation categories 

(based on ANOVA, Tukey-Kramer Test at α = 0.05). Mean shrub heights ranged from 32 

to 57 cm, on sites tb and c1, respectively. Differences in the height of herbaceous 

vegetation were less pronounced, ranging from 12 to 19 cm on sites tb and trans, 

respectively. Due to the large difference in shrub heights, vegetation volume factor also 

exhibited significant differences between field sites. Table 2 presents detailed results for 

the field measured vegetation metrics.  
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Backscatter values over the study sites ranged from -20 < σº < -12 dB across both images, 

with the smaller incidence angle (22º) producing a higher return on all sites. Figure 3, 

presented in power, illustrates that signal return observed on the field sites varied by 

incidence angle. For example, the grass site (gr) exhibited the highest backscatter at 

incidence angle 22º and the lowest at 39º. This produced β∆ values that were the largest 

on site gr and the least on site c1.  

 

Across field sites, surface roughness showed a marginally significant relationship to 

power (β) only at the incidence angle of 22º with the relationship: 

β22 = 0.033 (hrms) + 0.002; r2 = 0.78, Prob > F = 0.0489.   [2] 

Soil moisture exhibited no significant relationships with signal power.  

 

Variation in vegetation canopy cover had no significant influence on signal power based 

on ordinary least squares regression at a confidence level of α = 0.05. This included shrub 

cover, herbaceous cover, and total cover versus power at both incidence angles and the 

difference image. Total mean plant height and herbaceous plant height displayed no 

significant relationship with power; however, shrub height was related to power at 

incident angle of 39º and the difference image. These relationships were best fit by linear 

functions (Figure 4, A and B): 

β39 = 0.024 (shrub ht) + 0.0089; r2 = 0.77, Prob > F = 0.0491,   [3] 

β∆ = 0.068 (shrub ht) – 0.049; r2 = 0.89, Prob > F = 0.0156.   [4] 
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Total vegetation volume and herbaceous volume were not significantly related to signal 

return but shrub volume displayed a very strong and significant relationship with power 

at the incidence angle of 39º (Figure 4, C): 

β39 = 0.006 (shrub vol) + 0.009; r2 = 0.91, Prob > F = 0.0129.   [5] 

 

In summary, surface roughness, soil moisture, vegetation cover and herbaceous plant 

height were not significant variables for SAR signal power at the incidence angle of 39º, 

yet at the smaller incidence angle of 22º surface roughness became a significant factor.  

Signal power was related to both shrub height and shrub volume at the larger incidence 

angle. The relationship described by Eq. 3 indicated that as shrub height increased there 

was a linear increase in signal power (Figure 4). The difference image also produced a 

linear relationship with shrub height (Eq. 4) such that the difference between the images 

decreased with increasing shrub height (Figure 4). Shrub volume produced an even 

stronger linear relationship explaining over 90% of the observed variation in signal power 

(Eq. 5) (Figure 4).   

 

DISCUSSION 

 

At the larger incidence angle (θ = 39º), neither soil moisture nor surface 

roughness exerted an identifiable influence on signal power. Soil moisture, although 

significantly different between the field sites based on the observed range in values 

(ANOVA, Tukey-Kramer with α = 0.05), was relatively low and not likely significant 
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relative to the radar signal. For example, Moran et al. (2000) observed that on semi-arid 

rangelands large changes in surface (< 5 cm in depth) soil moisture of up to 25% by 

volume resulted in small changes (~ 3 dB) in signal return. In this study, soil moisture 

differed by a few percentage points, a level that would likely exert only a negligible 

influence on SAR signal. Future studies and applications of this approach should be 

cognizant of soil moisture during image acquisition as higher levels of moisture have 

been shown to confound vegetation signature (Kellndorfer et al., 1998). A possible 

solution is to collect data when soil moisture is low. This would also potentially solve 

complicating factors related to subcanopy species (i.e. the effect of herbaceous 

vegetation). It has been demonstrated that SAR C-band is sensitive to herbaceous 

vegetation height on temperate grasslands when vegetation moisture content is high and 

biomass is relatively large (Hill et al., 1999; Hill et al., 2005). However, in the present 

study, herbaceous vegetation was not expected to significantly affect SAR signal given 

the relatively low biomass and low vegetation moisture content of the senescent grasses 

and forbs. Application of this approach to other areas may require an examination of the 

potential effects of the herbaceous canopy, or attempt to avoid potentially confounding 

effects by sampling during the dormant season when herbaceous species are senescent.  

 

Surface roughness values observed in this study varied widely in relation to both the 

observed range of values and relative to the C-band wavelength. Values varied from hrms 

= 0.29 cm to hrms = 1.14 cm (Table 2). This range of roughness values is representative of 

a variety of natural surfaces according to the values reported by Bryant et al. (2007) who 
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collected data in three US States and Spain. ANOVA indicated that the grass site (gr) was 

significantly rougher than the other field sites relative to the observed range of values. In 

relation to the wavelength utilized in this study (C-band, 5.6 cm), roughness values 

observed on the field sites are theoretically considered intermediate scatters (neither fully 

rough nor fully smooth) at both incidence angles according the modified Rayliegh 

Criterion which states a surface is smooth when hrms < λ/25cosθ and rough when hrms < 

λ/4.4cosθ, where λ = wavelength and θ = incidence angle (Henderson and Lewis 1998). 

In the present study where λ = 5.6 cm, a surface would be relatively smooth at hrms < 0.29 

cm for θ = 39º and hrms < 0.24 cm at θ = 22º, and rough at hrms > 1.64 cm for θ = 39º and 

hrms > 1.37 cm at θ = 22º. The values observed on the current field sites (0.29 < hrms < 

1.14 cm) would therefore be defined as intermediate scatterers, indicating a potential for 

surface roughness to affect signal power; however, no effect was observed at the larger 

incidence angle (θ = 39º). The influence of surface roughness became apparent only at 

the smaller incidence angle of 22º (Eq 2). This may be expected on dryland surfaces 

where woody individuals are widely spaced and vegetation does not entirely cover the 

ground surface; therefore smaller incidence angles are likely to produce more direct 

ground and ground-canopy interactions than larger incidence angles. Magagi and Kerr 

(1997) found that on arid and semi-arid areas the contribution of soil moisture and 

surface roughness was significantly reduced at an incidence angle of 40º or more, thus 

increasing the signal response from vegetation. Musick et al. (1989) showed that on shrub 

sites SAR backscatter decreased with increasing incidence angle until it became 

relatively constant at an angle of roughly 40º. This would imply that at incidence of 40º 
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or more, signal return is governed by volumetric scattering that is angularly independent, 

and the influence of roughness, soil moisture and subcanopy vegetation is reduced. 

Further, Musick et al. (1989) reported that at lower shrub cover classes the angle at which 

signal return became constant increased. This may indicate that as the shrub canopy 

becomes sparser, larger incidence angles are required to ensure the signal is dominated by 

the woody vegetation. This may also explain why shrub height and volume exhibited 

significant relationships in the β39 and β∆ images, but not in the β22 image where the 

smaller incidence angle increased the effects of the ground surface. Application of this 

method over other areas may therefore require larger incidence angles that are dependent 

on the size and spatial arrangement of the woody plants. 

 

The relationships between signal power and shrub height (Eq. 3) and volume (Eq. 5) 

(Figure 4) correspond with previous studies reporting a strong positive relationship 

between radar return and shrub cover classes (Musick et al., 1989) and shrub density 

(Patel et al., 2006). Both of these studies found that SAR backscatter was related to small 

changes in dryland shrubs at a variety of wavelengths and polarizations. Examining a 

subset of their data (only including those data collected in C-band HH polarization for 

comparison to the present study), Musick et al. (1989) found a ~2 dB increase in 

backscatter between >1% and 1-5% cover classes, and Patel et al. (2006) a ~2 dB 

increase for every 10 plants per 100 m2. The present study showed a similar increase in 

backscatter with increases in woody plants at the 39º incidence angle. Specifically, 

backscatter (in natural units) roughly doubled for every 0.5 m increase in woody plant 
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height (Eq. 3), and for every 2 m3 of woody vegetation volume (Eq. 5). Therefore, a ~2 

dB increase in backscatter equated to nearly 0.5 m increase in shrub height and a 2 m3 

increase in shrub volume.  

 

Although Eqs. 3 and 5 indicate very strong relationships, it is unclear how well this 

approach would perform outside of this range of conditions. A 2 dB change in 

backscatter is relatively small across a SAR image (i.e. the 25 dB range observed across 

the Jornada Experimental Range). Thus, application of this method may require a priori 

knowledge of ground conditions (i.e. targets known to have shrub components). This 

could be accomplished using 2D measurements of woody canopy cover, such as those 

derived by Huang et al. (2007), to first distinguish shrub areas.  

 

The assumption that signal return from shrub dominated targets is volumetric in nature 

was the basis of the second hypothesis. This type of scattering occurs when the 

illuminated target presents multiple scatterers and multiple bounces causing an out-of-

phase signal return (Patel et al., 2006). Due to a reduced angular dependence of 

volumetric scattering, smaller backscatter differences were expected on targets with a 

woody canopy. Based on the observed results it is difficult to state with certainty that the 

signal was indeed volumetric, however, the difference image indicated that field sites 

with a relatively larger shrub component exhibited less of a change between the two 

incidence angles (Eq. 4; Figure 4). This corresponds with Musick et al. (1989) who 

showed signal return was relatively constant for shrub-dominated targets imaged at high 
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incidence angles, and that this incidence angle may have changed with the amount of 

shrub cover. This suggests that it is possible to relate woody biomass to the difference 

between signal at two or more incidence angles. However, there appear to be some 

challenges. As seen in Figure 4, Eq. 4 predicts that at a shrub height of roughly 0.7 m the 

signal difference between incidence angles would be 0.  The equation is also likely to be 

sensitive to the surface characteristics of the targets with no shrubs. For example, the 

intercept of Eq. 4 may have changed significantly if site gr had exhibited a different 

surface roughness. Eqs. 3 and 5 therefore appear more robust.  

 

CONCLUSIONS 

 

These results, although based on a relatively small number of data points, imply 

that SAR C-band HH polarization signal is related to relatively small changes in woody 

structure in mixed ecosystems with sparse canopies. Signal power increased with both 

shrub height and volume. Larger incidence angles reduced the potential confounding 

effects of the ground surface and sub-canopy species. The influence of soil moisture on 

SAR signal may be limited by selecting the appropriate time of year when the soil is 

relatively dry, and sub-canopy species may be senescent. The results supported the 

second hypothesis, that volumetric scattering could be used to identify woody canopies, 

but more testing is required.  Future studies should validate this approach across a wider 

range of conditions and ecosystems. Ultimately, it appears feasible to measure woody 

plant biomass in drylands to improve national and regional estimates of carbon flux.  
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Table 1. Field site vegetation, coordinates, soils, surface roughness and soil moisture. 

Site Dominant Vegetation 
UTM 

Coordinates 
Soil Map Unit 

Surface 
Roughness 
hrms, (cm) 

Soil Moisture 
(% by vol.) 

    Mean SD Mean SD 

c1 
Dense shrub/ creosote  

(Larrea tridentada) 
e 3598500,  
n 334000 

Nickel-Upton 
Association 

0.56 0.33 3.4 0.8 

c2 
Sparse shrub/ creosote  

(Larrea tridentada) 
e 3595200,  
n 336850 

Berino-Dona Ana 
Association 

0.29 0.12 4.1 0.8 

gr 
Grass  

(Bouteloua eripoda) 
e 3607400,  
n 327000 

Onite-Pajarito 
Association 

1.14 0.57 1.9 0.5 

tb 
Shrub/tarbush  

(Flourensia cernua) 
e 3600200,  
n 334500 

Stellar 
Association 

0.52 0.26 4.7 0.7 

trans 
Mixed/ shrub-grass 

(Prosopis glandulosa) 
e 3609750,  
n 324550 

Onite-Pajarito 
Association 

0.46 0.19 1.2 0.4 

 

 

 

 

 

 



  

Table 2. Vegetation metrics measured on each field site. 

Site Shrub  Herbaceous  All Vegetation 

 
Foliar Cover Plant Height Volume  Foliar Cover Plant Height Volume  Foliar Cover Plant Height Volume 

(%) (cm) (m3)  (%) (cm) (m3)  (%) (cm) (m3) 

 Mean SD Mean SD   Mean SD Mean SD   Mean SD Mean SD  

c1 3.3 0.8 57.2 38.6 2.6  1.7 1 15.5 13.8 0.4  5.1 1.3 36.9 35.9 2.5 

c2 2.5 1.5 45.1 29.4 1.5  0.3 0.2 13.9 11.4 0.2  2.8 1.4 28.2 26.6 1.1 

gr 0 - 0 - 0  - - - - -  - - - - - 

tb 2.4 0.3 31.5 20.9 1.0  6.1 3.4 11.7 12.1 1.0  4.1 1.8 19.4 18.8 2.2 

trans 3.6 2.5 33.8 23.8 1.7  1.6 0.6 18.9 12.3 0.9  5.2 2.8 25.1 19.4 1.8 
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Figure 1. Study area in New Mexico and field site locations on the Jornada Experimental 
Range. The Radarsat backscatter image is from 6 June 2006 in C-band, HH polarization 
and was imaged at an incidence angle of 39˚. 
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Figure 2. Overview of field sites: (A) c1, a dense shrub site; (B) c2, a sparse shrub site; 
(C) gr, a grass site; (D) tb, a shrub site; (E) trns, a transitional mixed shrub/grass 
community. 

(A) (B) 

(C) (D) 

(E) 
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Figure 3. Observed SAR signal return for each field site. β39, and β22 respectively 
represent images acquired at incidence angles of 39º and 22º. β∆ represents the difference 
image. Values are in units of power.  
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Figure 4. A) Signal return in power (at incidence angle 39º) versus shrub height. Line 
of best fit based on Eq. 3; B) Signal return in power (for the difference image) versus 
shrub height. Line of best fit based on Eq. 4; C) Signal return in power (at incidence 
angle 39º) versus shrub volume. Line of best fit based on Eq. 5. 
 


