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ABSTRACT 

 

 Many hydrologic models assume the vegetation and streamflow are fed by the same 

source of water, but isotopic studies have shown this is not always the case, especially in semi-

arid climates. We investigate how soil moisture pathways are affected by daily transpiration 

using time-lapse electrical resistivity imaging (ERI) on a ponderosa pine and the surrounding soil 

during the growing season. By comparing sapflow measurements to the ERI data, we find that 

high periods of sapflow within the diel cycle are aligned with decreases in ground conductivity 

and soil moisture due to drying out of the soil during uptake. As the sapflow slows during the 

night, the ground conductivity increases as the soil is replenished. The mean and variance of the 

ground conductivity decreases into the summer dry season, describing drier soil and smaller diel 

fluctuations as the summer progresses. Sapflow does not significantly decrease through the 

summer, however, suggesting use of a deeper water source to maintain sapflow in a time of soil 

moisture depletion. ERI successfully captured spatiotemporal variability of soil moisture on daily 

and seasonal timescales, and with further research could be used to monitor temporal changes in 

tree water content.  
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CHAPTER 1 

GENERAL INTRODUCTION 

 

 Understanding how watersheds gain, transport, and lose water is vital to water 

management. Transpiration, the process by which trees lose water to the atmosphere during 

photosynthesis, contributes to a large portion of the water cycle in forested semi-arid climates. 

Due to the significant role that vegetation plays in forested watersheds, questions arise regarding 

the change in hydrologic response to natural events such as wildfire and pine beetle infestation. 

What happens to the quantity and quality of the subsurface water when vegetation is drastically 

decreased? Before investigating possible hydrologic responses in the absence of transpiration, it 

is important to first understand hydrologic patterns due to its presence. 

 In hydrologic modeling, it is currently assumed that the water used by vegetation during 

daily transpiration essentially comes from the same “pool” of water by which groundwater and 

streams are fed. In climates that are fairly wet during all times of the year, this assumption may 

be appropriate due to vegetation having relatively consistent access to water. However, in semi-

arid regions, where summers are typically dry and soil moisture is significantly lower than in 

other times of the year, this assumption does not hold true. Isotopic analyses have shown a clear 

separation between vegetation and stream source water during periods of low soil moisture 

(Dawson and Ehleringer, 1991; Brooks et al., 2010). During wet seasons, the soil is saturated and 

the streams are fed by water traveling through relatively larger soil pores via gravity. Vegetation 

also extracts water from these larger soil pores during the wet season. However, during dry 

seasons, the soil water content is much lower, and most of the water remaining in the soil is held 

in small pores between soil grains. This water cannot be drained by gravity but can be extracted 

by plant roots (Figure 1.1). Although transpiration is strongly coupled to stream flow patterns, 

the water flowing in the stream and the water used by the vegetation during these times of year is 

not from the same source.  

 To further understand how vegetation processes modify hydrologic flow, it is essential to 

unpack what is inside the current “black box” model, starting with the shallow subsurface in 

direct contact with vegetation. Feedbacks between soil moisture and transpiration exist in 

seasonally dry climates. Moore et al. (2011) found that seasonal soil moisture levels controlled 
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the correlation between transpiration and streamflow. Sapflow and thus transpiration in a mixed 

stand of pine and spruce trees was found to decrease when 80% of the extractable water in the 

rooting zone had been depleted (Lagergren and Lindroth, 2002). 

 

 

Figure 1.1: Conceptual model of separation between source water of vegetation and streams 

during dry seasons in semi-arid climates. 

 

It is difficult to quantify the connections between transpiration and soil moisture with 

standard point measurements due to spatial and temporal variability. It is important to capture the 

size and shape of root distributions, soil moisture changes in space and time, and transpiration 

patterns to investigate how each of these pieces interact with one another. Soil moisture is 

typically monitored with highly accurate point measurements such as time-domain reflectometry 

(TDR), gravimetric methods, direct-push based sensor probes, neutron probes. Transpiration at 

the tree scale is typically quantified using a point measurement known as sapflux velocity, which 

also has spatial resolution limitations. However, these methods cannot capture spatial changes, 

even with a dense distribution of point measurements.  

The goal of this research is to use electrical resistivity imaging (ERI), a geophysical 

method, to explore the connection between transpiration and soil moisture on a single tree and 

the surrounding soil plot in conjunction with standard point measurements. By using ERI, we are 

able to capture changes within the soil-plant-atmosphere system with high spatial resolution 

without sacrificing temporal resolution.  
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In this study we found spatial and temporal variability of the uptake of water due to 

transpiration. During the day, transpiration is high, and much of the soil water is taken up by the 

tree. The decrease in the soil water content causes a decrease in the bulk conductivity of the soil 

plot shown in our results. During the night, transpiration is very low and no the tree is no longer 

drawing water from the subsurface (Figure 1.2). This allows the water to be replenished, 

increasing the soil water content. The mechanism behind the re-wetting process is likely 

hydraulic redistribution, where water in wet soil areas is moved to areas of dry soil via the root 

system. The results from this research have been compiled into the following manuscript for 

submission to the Journal of Hydrology.  After the paper, the reader will find a closing statement 

regarding future research directions. 

 

Figure 1.2: Conceptual model of the soil-plant system. A decrease in soil moisture during the day 

occurs during high transpiration periods. An increase in soil moisture then occurs during the 

night, partially refilling the soil plot for the next day of transpiration. 
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CHAPTER 2 

DETERMINING THE INFLUENCE OF TRANSPIRATION ON SOIL MOISTURE 

PATHWAYS USING ELECTRICAL RESISTIVITY IMAGING 
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2.1 Abstract 

 Many hydrologic models assume the vegetation and streamflow are fed by the same 

source of water, but isotopic studies have shown this is not always the case, especially in semi-

arid climates. We investigate how soil moisture pathways are affected by daily transpiration 

using time-lapse electrical resistivity imaging (ERI) on a ponderosa pine and the surrounding soil 

during the growing season. By comparing sapflow measurements to the ERI data, we find that 

high periods of sapflow within the diel cycle are aligned with decreases in ground conductivity 

and soil moisture due to drying out of the soil during uptake. As the sapflow slows during the 

night, the ground conductivity increases as the soil is replenished. The mean and variance of the 

ground conductivity decreases into the summer dry season, describing drier soil and smaller diel 

fluctuations as the summer progresses. Sapflow does not significantly decrease through the 

summer, however, suggesting use of a deeper water source to maintain sapflow in a time of soil 

moisture depletion. ERI successfully captured spatiotemporal variability of soil moisture on daily 

and seasonal timescales, and with further research could be used to monitor temporal changes in 

tree water content. 

2.2 Introduction 

 A unifying assumption in how forest ecosystems interact with the hydrologic cycle is 

translatory flow. It is assumed that when precipitation infiltrates, the water that is currently in the 

subsurface is pushed deeper and replaced by the infiltrating water. This implies that the water 

used by vegetation for transpiration is essentially the same water that contributes to baseflow and 

runoff (Hewlett and Hibbert, 1967; McDonnell et al., 2007). However, isotopic studies have 
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2
 Assistant Professor, University of Colorado at Boulder 

3
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4
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indicated differences between water that is extracted by forested riparian and hillslope areas and 

water in the streams (e.g., Brooks et al., 2010; Dawson and Ehleringer, 1991). Despite the 

observation of a clear connection between transpiration and streamflow in watersheds of varying 

sizes and locations via correlating diel (24-hour) cycles in transpiration and streamflow (Bond et 

al., 2002; Boronina et al., 2005; Butler et al., 2007; Loheide et al., 2008; Reigner, 1966; 

Wondzell et al., 2010), how the transpiration signal is propagated to the stream is poorly 

understood. 

 Quantifying these subsurface connections has been difficult due to complexities in 

measuring the dynamic nature of plant root distribution, uptake patterns, transpiration, and soil-

water inputs, which create highly heterogeneous systems that are difficult to capture with 

standard point measurements. For example, hydraulic redistribution, the process of passive water 

movement from relatively wet to dry soil areas via root systems (Blebly et al., 2010; Burgess et 

al., 2000; Richards and Caldwell, 1987), largely depends on the size and shape of root systems, 

and influences the interactions between the subsurface and vegetation (Schwinning, 2010; Stone 

and Kalisz, 1991). However, current measurement techniques exploring root systems and soil 

moisture prove to be time-consuming, technically demanding, and disruptive to the soil plot 

(Maeght et al., 2013). Another common limitation of using point measurements to monitor soil 

moisture and transpiration is limited spatial resolution, which leads to uncertainties when 

applying results from a single point across a heterogeneous area. Geophysical methods can be 

used to overcome some of the limitations of point measurements. Time-lapse electrical resistivity 

imaging (ERI) allows for non-invasive 3D monitoring of the subsurface at broad spatial scales 

without sacrificing temporal resolution. ERI has also been applied to tree ecology in a limited 

number of studies, successfully imaging cavities and fungus within tree trunks due to infestation 

and decay (e.g. al Hagrey, 2006; Nicolotti et al., 2003; Skutt et al., 1972) and delineating 

sapwood from heartwood (al Hagrey, 2006; Bieker and Rust, 2010; Guyot et al., 2013; Wang et 

al., 2015). 

 Here, we explore the connection between soil moisture and tree transpiration using 

traditional point-scale measurements, but couple these with ERI to monitor spatially exhaustive 

moisture content changes within the soil and tree. While time-lapse ERI is an established method 

for the non-invasive 3D monitoring of soil moisture movement (e.g., Beff et al., 2013; Brunet et 

al., 2010; Chambers et al., 2014; Schwartz et al., 2008; Zhou et al., 2001), this is the first known 
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application to monitor tree transpiration and its connections to soil moisture through time. We 

aim to a) evaluate the application of ERI as a minimally invasive method with high spatial 

resolution to monitor spatial and temporal changes in soil and tree water content and b) relate 

these water content patterns to the seasonal variation in transpiration and explore their feedbacks.  

2.3 Field Site Description 

 The study site is located in the Gordon Gulch catchment within the Arapahoe National 

Forest in the Boulder Creek Critical Zone Observatory (BCCZO) in Boulder, Colorado (Figure 

2.1). Gordon Gulch is approximately 2.7 kilometers in area and ranges from 2446 – 2737 meters 

in elevation. The Gordon Gulch catchment is mainly within the upper montane climatic zone. 

Average annual rainfall is 519 mm per year with the maximum occurring in May and minimum 

during winter months. The catchment contains three distinct types of vegetation cover:  1) aspen 

(Populus tremuloides) groves near the stream, 2) open meadows, and 3) the forested hillslopes. 

The north-facing hillsides are densely vegetated by lodgepole pine (Pinus contorta) and some 

western Douglas-fir (Pseudotsuga menziesii). The south-facing slopes support less densely 

vegetated areas of ponderosa pines (Pinus ponderosa) and aspen. The ponderosa pine individual 

used in this study is located on a south-facing slope near the southeast edge of the catchment 

(40⁰ 0’ 46.289”N, 105⁰ 27’ 43.715”W) approximately 100 meters north of the Gordon Gulch 

stream, and was chosen as a representative pine of those on the south-facing hillslopes of this 

catchment. 

 

 

Figure 2.1: Map of the study area with Gordon Gulch stream (blue line), location of the study 

tree (green dot), and 40-foot elevation contours. 
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 The field site is underlain mainly by biotite gneiss and is characterized by unglaciated 

low-relief remnants of a dissected Tertiary erosion surface. The soils are characterized as typic 

haplustolls with varying ranges of percent sand, silt, and clay with depth. Percent sand by 

volume ranges from 55 to 65 percent. Silt ranges from 25 to 50 percent with higher silt content in 

the shallow layers (< 8 inches depth) and lower contents in deeper layers. Clay content is 

approximately 10 percent, but ranges from 2 to 15 percent. Along the hillslopes, soil depth is 

approximately 30-50 centimeters (NRCS Soil Survey, 2015). The soil profile is underlain by a 

saprolite layer consisting of highly weathered rock that extends five to seven meters in depth 

(Befus et al., 2011). 

2.4 Background 

 In this section, we first review common point-measurement techniques for soil moisture 

and transpiration monitoring. We then discuss ERI and its current applications in soil moisture 

monitoring and tree imaging. 

2.4.1 Soil moisture and transpiration point measurements 

 Soil moisture is commonly measured using techniques such as time-domain reflectometry 

(TDR), gravimetric methods, direct-push based sensor probes, and neutron probes. One common 

limitation of many soil moisture measurement techniques is the limited spatial coverage in 

heterogeneous soil plots. Not only are physical soil characteristics often heterogeneous in forest 

environments, but the effect of transpiration on the spatial distribution of water content is key to 

characterizing water movement within vadose zone.  In trees, sap flux is a commonly used 

method for monitoring transpiration and is typically based on heat dissipation velocities. Sap flux 

is a point measurement that is scaled up based on an assumed uniform radial sapwood 

distribution, making it susceptible to errors due to asymmetry of the sapwood thickness. Such 

asymmetry can be caused by branching or the direction of sunshine and wind and often results in 

significant over- or under-estimation of mean sap velocity when using a limited number of sap 

flux sampling points (Vertessy et al., 1997). The radial distribution of sap flux density is also 

subject to diel and seasonal variability that can also lead to error up to 40% of total daily 

transpiration (Fiora and Cescatti, 2006; Ford et al., 2004).  

2.4.2 Electrical resistivity imaging 

 The electrically conductive property of water has been used to investigate soil moisture 

content for several decades. Bouyoucos et al. (1940) buried porous plaster-of-Paris blocks that 
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were embedded with electrodes into soil plots and saw changes in conductivity as the soil 

moisture content ranged from field capacity to wilting point. Agricultural applications of ERI 

have looked to help optimize soil water reserves and irrigation practices by imaging areas of high 

infiltration and drainage (e.g. Banton et al., 1997; Michot et al., 2003). al Hagrey et al. (2006) 

and al Hagrey and Michaelsen (2002) demonstrated that ERI can determine changes in soil-water 

distribution due to infiltration at the field scale. ERI has been successfully used to monitor spatial 

and temporal soil moisture distributions in heterogeneous areas such as crop fields, naturally 

vegetated hillslopes, and earthen embankments (e.g. Beff et al., 2013; Brunet et al., 2010; 

Chambers et al., 2014; Schwartz et al., 2008; Zhou et al., 2001). The major advantage of using 

ERI techniques for investigating daily and seasonal patterns in soil moisture is the large spatial 

coverage. Although there are uncertainties associated with the reconstructed conductivity maps 

made from these data, ERI provides better spatial resolution than dense arrays of point 

measurements such as TDR (Nijland et al., 2010; Schwartz et al., 2008). 

 ERI has also been applied to tree ecology in a limited number of studies. Tatter et al. 

(1972) used resistance measurements to determine the stage of deterioration of decaying or 

discolored wood. ERI has also been used to study living trees and trunk disks; for example, al 

Hagrey (2006) found an inverse relation between ERI and moisture content measured from tree 

cores. ERI has successfully imaged cavities and fungus within tree trunks due to infestation and 

decay (al Hagrey, 2006; Nicolotti et al., 2003; Skutt et al., 1972). Despite these successes, the 

literature on the electrical properties of trees is relatively limited and conceptually scattered. 

Studies typically focus on only a few species and vary regarding specific electrical properties 

investigated, thus hindering the ability to make generalizations about the connections between 

electrical properties and processes within trees (Gora and Yanoviak, 2015). 

2.5 Methods 

 We collected a series of data around a single ponderosa pine surrounded by several 

meters of open space so that potential effects from nearby trees were minimized. The closest 

neighboring tree is 4 meters east of the study tree. The data collected included electrical 

conductivity of the soil and tree, soil moisture content, sapflow, and soil and tree temperature.  

Below, we outline these methods. 
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2.5.1 Data collection 

 Time-lapse ERI data were collected on a square plot surrounding the tree to monitor 

changes in soil moisture. 63 stainless steel electrodes were inserted into the ground 

approximately 10 cm, forming a 3.5 m by 3.5 m grid around the tree (Figure 2.2). Each row and 

column contained 8 electrodes spaced 0.5 m apart. Due to the location of the tree, one row 

contained only 7 electrodes. An IRIS Syscal Pro Switch 96 (IRIS Instruments, Orleans, France) 

coupled with an IRIS switch box was used to collect ERI data. To shorten data collection time to 

capture the expected diel cycling with high temporal resolution, a dipole-dipole array was used. 

In this array, current is injected into two electrodes and the potential difference is measured at 

many other pairs of electrodes simultaneously. This array provides the advantage of better 

resolving lateral variations in conductivity than other arrays. Approximately every 30 minutes, a 

series of 16 2D surveys were collected, one down each column and across each row of the 

electrode grid. Data were collected for periods varying from 24 to 48 hours approximately every 

two weeks from May to October in 2014. These time frames were chosen to examine the spatial 

and temporal changes of soil moisture influenced by tree transpiration on both daily and seasonal 

time scales. The contact resistance between the electrodes and the soil plot were below 20 

kohms, which is reasonable for sandy soils. Measurements were collected twice during each 

survey, known as stacking, for quality assurance/quality control.  The mean stacking error over 

all surveys was 1.1%. 

 

 

Figure 2.2: The electrode grid for ground conductivity surveys (A). Spacing is 0.5 m between 

each electrode. Temperature probe clusters are placed outside the grid to minimize their effect on 

conductivity surveys. Electrode configuration for the conductivity surveys on the trunk of the 

tree (B).  
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 Time-lapse ERI surveys were also performed on the xylem within the bole of the tree at 

each time step to relate the changes in conductivity with sapflow measurements. Steel nails were 

used as electrodes and hammered 2 to 3 centimeters into the xylem of the tree. The electrode ring 

was placed one meter above the ground to avoid the effects of axial boundary conditions which 

become significant when the electrode ring is too close to the ground (more details on this are 

outlined in the section on inversion). The 24 electrodes were spaced 5 centimeters apart around 

the 125-centimeter circumference of the tree and connected to the IRIS switch box (Figure 2.2). 

Contact resistance between the electrodes within the tree xylem was approximately 100 kohms, 

which restricted current from being driven into the tree for parts of the surveys. Approximately 

40% of the data were not used due to this issue. Despite this, approximately 200 data points were 

still collected with low stacking errors at each time step. 

 A series of additional data were also collected at the site.  To compare ERI measurements 

to transpiration, we installed heat-pulse sapflow sensors in eight trees within 60 meters of the 

study tree. Sapflow was not measured directly in the study tree to avoid any feedbacks between 

the sapflow instrumentation (stainless steel needles) and ERI methods that both inject current 

into the tree. However, we believe the surrogate measurements are meaningful in that the 

variance in timing of transpiration in a series of trees local to our field site was minimal. The 

heat-pulse ratio method was used to determine sapflow: two thermocouples were installed into 

the xylem of the tree, one above the other. Between the two thermocouples, a heat source is 

installed which injects a current. The sapflow velocity is logarithmically related to the heat 

dissipation above and below the heat source. The mean sap flux is then calculated and converted 

to transpiration as described in Burgess and Turner (1998).  

 Soil volumetric water content was measured at one location 0.5 meters outside of the 

upper left corner of the electrode grid and collected data every 15 minutes at 10 cm and 20 cm 

depths with Decagon EC-5 sensors and a CR1000 data logger (Figure 2.2). The porosity of the 

soil plot was assumed constant in time and therefore the change in volumetric water content was 

used as a proxy for the change in soil moisture over time.  Lastly, temperature data were 

collected for the soil, air, and tree xylem throughout the study period to correct ERI data for 

changes in temperature. HOBO Pendant Temperature and Light Loggers were placed in the soil 

at 10 cm and 20 cm depth outside each corner of the electrode grid. The temperature within the 
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tree xylem was measured with a CR1000 data logger and 3 type T (copper-constantan) 

thermocouples placed 2-3 centimeters into the xylem and 12 centimeters above tree electrodes 1, 

9, and 17 (Figure 2.2). 

2.5.2 Raw ERI data analysis 

 The raw apparent conductivity data in the tree and ground were used to examine the 

general temporal trends prior to inversion. Data with stacking standard deviation values greater 

than 2.5% and 10% were excluded from the ground and tree datasets, respectively. The apparent 

conductivity data were spatially averaged and corrected for changes in temperature within the 

soil and the tree xylem according to Equation 2.1: 

         𝜎(𝑇) = 𝜎(𝑇0)[1 + 𝛼(𝑇 − 𝑇0)]        (2.1) 

where 𝜎 is apparent conductivity (ohm-m), 𝑇 is standard temperature (degree C), 𝑇0 is the in situ 

temperature, 𝛼 is the fractional change in conductivity per change in degree Celsius assumed to 

be 0.02 (Hayley et al., 2010).  

2.5.3 Ground survey inversions 

 ERI ground survey data were inverted using R2 version 2.7, based on a regularized 

objective function combined with weighted least squares as defined in Binley and Kemna (2005). 

The objective function is defined in Equation 2.2: 

  𝜓(𝑚) = (𝑾𝒅[𝒅 − 𝑓(𝑚)])2 + 𝛽(𝑾𝑚[𝒎 −𝒎𝒓𝒆𝒇])
2
      (2.2) 

where 𝒎 is the model vector of resistivities (the reciprocal of conductivity), 𝒅 is the measured 

resistance data, 𝑾𝒅 is the data weighting matrix based on measurement error reported as 

standard deviation of each stack, 𝑓(𝑚) is the forward solution of the resistances operating in the 

model, 𝑾𝒎 is the model weighting matrix based on a second-derivative filter that acts as a 

smoother, 𝛽 is the weight that controls the relative significance of the model misfit (first term on 

the right) and the model roughness (second term on the right), and 𝒎𝒓𝒆𝒇 is the starting model. 

The time-lapse conductivity inversions from each collection period were performed with a 

starting model (𝒎𝒓𝒆𝒇) that was equal to the inversion of the first time-step of each 2-day 

collection period. For each time-step, a 2.5D inversion was performed on each of the 16 ground 

ERI surveys. 

 A finite-element mesh was created with 5 cm x 5 cm elements to 60 cm depth and 350 

cm width. Outside this area, element size gradually increased, totaling 2400 elements. The 

resulting tomograms depict a smoothed representation of the bulk electrical conductivity within 
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the soil plot. The resolution of the inversion varies across the model space due to the variability 

in data collection procedure and the extent of smoothing within the model. The diagonal of the 

resolution matrix describes the degree to which the data informed the value of each pixel. The 

resolution matrices did not show significant variability between time steps on the daily or 

seasonal time scales. The diagonal of the resolution matrix showed a mean range of percent 

differences from -7% to 3% and -8% to 10% over a 24-hour period and a 6-month period, 

respectively. Spatially, the resolution of the inversion decreases with depth and is lowest towards 

to bottom corners of the inversion space (Figure 2.3). 

 

Figure 2.3: Plot of the diagonal of the resolution matrix, which gives the mesh resolution 

coverage. Holes in the resolution matrix are due to limited data coverage. .  

 

 Temperature corrections were performed on the time-lapse inversions to eliminate the 

effects of varying temperatures over the daily and monthly periods. Temperature data from the 8 

temperature probes at varying locations and depths were compiled into a matrix and linearly 

interpolated between data collection points. The temperature correction method described in 

Equation 2.1 was used on the inversions as described by Hayley et al. (2010). 

2.5.4 Tree survey inversions 

 Inversions of the tree surveys were performed with code developed in Comsol that was 

modified to fit a 2.5D model in a circular domain using the same objective function as described 

by Equation 2.2. To fit the shape of the tree trunk, a triangular mesh was used for both forward 

and inverse modeling. There were 616 triangular elements used for inversion and each of the 

inversion elements was further divided into four smaller elements during forward modeling for 

convergence purposes. The modeling weighting matrix 𝑾𝒎 was assigned according to Binley et 

al. (1996).  
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 The 2.5D model with a circular domain was validated by comparing forward model 

results to a slice of a 3D cylinder model inversion with the ERI survey in the center of the 

cylinder. When the height of the cylinder was at least 0.75 meters (thus the ERI survey is 0.375 

meters above the ground) the 2.5D and 3D models matched within 3% relative error. At lower 

heights the boundaries began to have significant influence. The ERI survey in the tree is 

approximately one meter above ground so the 2.5D model gives a good approximation of the real 

3D model.  

 As previously mentioned, 40% of the survey data could not be used for the inversion due 

to the high contact resistance from some of the electrodes. The locations of the available data 

varied among those surveys. A sensitivity analysis was performed on the inversions to evaluate 

the resolution distribution with these available measurements and is plotted for one time step 

during the June 24 – June 26 data collection period (Figure 2.4a). The sensitivity is high close to 

the boundary and decreases towards the center of the tree trunk. This distribution is expected, as 

the electrodes are located just inside the surface of the bark. Results within the outer regions of 

the tree trunk can be regarded with confidence, while the results within the inner regions are less 

robust due to lower sensitivity. 

2.6 Results and Discussion 

 In this section we discuss the results of the study, first addressing the results of ERI 

within the ponderosa pine and sapflow patterns. Second, we discuss the results of the ERI on the 

surrounding soil plot and soil moisture patterns. Lastly, we discuss the feedbacks between the 

subsurface and the ponderosa pine.  

2.6.1 Data within the ponderosa pine 

 ERI data on the tree bole cross-section revealed a spatially heterogeneous distribution of 

conductivity (Figure 2.4b). The inner core of the tree had low conductivity values due to the 

lower water content in the hard, dry heartwood of the tree. The conductivity values increased 

towards the outside area of the cross-section where the water content is higher in the living 

sapwood. The inner core conductivity values ranged from 5 to 10 times lower than the outer area, 

similar to previous ERI studies (Guyot et al., 2013; Martin, 2012).  

 The distribution of the higher conductivity (sapwood) areas was not uniform around the 

tree, with patches of high conductivity on the southeast and northeast sides of the cross-section 

and slightly lower conductivity patches on the northwest side. While asymmetry was expected 
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due to predominant wind and sunlight directions, the locations of some of the asymmetry seen in 

the study tree was not expected. Typically, there is more sapflow activity on the sunlit side of the 

tree (al Hagrey, 2006), so higher conductivity was expected to be located on the south side of the 

tree. The patch with the highest consistent conductivity values is located on the south side of the 

tree, between electrodes 8 and 10. However, a second high conductivity anomaly is located on 

the NE side of the outer portion of the tree between electrodes 14 and 20 (Figure 2.4b).  

 Tree core samples were taken to investigate the low conductivity anomaly on the south 

side of the tree between electrodes 11 and 13. The contact between sapwood and heartwood was 

blurred by oily resin bands in 5 of the 7 cores, which are likely evidence of a transition from 

sapwood to heartwood (Figure 2.4b). These bands create patches of low conductivity, making the 

ERI delineation of the heartwood boundary difficult, considering the low resolution in this inner 

core region. In this study, we were primarily interested in changes within the sapwood, putting 

higher priority on data in the outer edge of the tree.  

 

Figure 2.4: Sensitivity matrix of tree inversions (a). Resolution is highest towards the outside of 

the cross-section, where most changes are expected to occur. Tree cores were collected at seven 

locations around the tree (b) and resin bands were found (squares). The depth to heartwood was 

measured from these cores and a potential heartwood/sapwood (HW/SW) boundary is shown by 

the dotted line. 

 

 Temperature can have a large effect on changes in electrical conductivity. While bole 

temperature data were collected at three points around the tree, these data only correspond to the 

outer ring, or the xylem, as temperature probes were inserted only 2 cm into the trunk (Figure 

2.5). We expect that this thin ring is exposed to the largest temperature effects, and that the inner 

portion of the tree (the heartwood) does not experience as much temperature variation. However, 
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we were unable to insert temperature probes so deeply without damaging the tree, and because 

little is known about thermal diffusion through tree trunks, it was not possible to confidently 

correct the data for temperature effects. However, during higher transpiration times there was an 

approximately 80-100% increase in conductivity in the outer areas of the tree. If temperature 

effects were to be corrected for, the increase of conductivity during times of high transpiration 

would only be larger. This suggests that the increase of conductivity during the day is largely due 

to increases in sapflow activity but may also include small effects of temperature variations. 

 

Figure 2.5: Tree bole temperature during each collection period in degrees Celsius. 

 

 As mentioned above, portions of the outer ring of the tree cross-section showed increases 

of conductivity during periods of high transpiration. However, the average conductivity of the 

entire cross-section showed a different pattern. During low periods of sapflow (< 50% of daily 

mean) within a given diel cycle, bulk tree conductivity was high (Figure 2.6). As sapflow 

increased during the day, the bulk conductivity within the tree decreased. This daily cycle is 

likely due to the refilling of water storage within the tree. Stored water within stem tissue outside 

the hydraulic pathway and within sapwood has been found to contribute up to 50% of daily 

transpiration in specific species of trees (Goldstein et al., 1998; Holbrook & Sinclair, 1992; 

Waring & Running, 1978). In arid and semi-arid climates, soil-water availability becomes low in 

the dry summer months, thus increasing the vulnerability to embolism (air within the xylem), 

especially in tall trees where the tension within the xylem is higher. Ponderosa pines have been 

found to minimize this vulnerability by avoiding levels of xylem tension via use of stored water 

and radial movement of water between xylem conduits (Barnard et al., 2011).  
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Figure 2.6: Vapor pressure deficit (VPD) and precipitation during each collection period (A), volumetric water content (B), sapflux 

velocity (C), spatially averaged tree conductivity (dotted lines in D), and spatially averaged ground conductivity (dashed lines in D).
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Phillips et al. (2003) found that use of stored water was concentrated to favorable times for 

photosynthesis, typically in the morning and early afternoon. Thus, the lower conductivity 

valueswithin the tree during the day are likely due to lower bulk water content within the tree as 

it uses stored water. When sapflow decreases in the late afternoon, the bulk conductivity 

increases as the tree refills the stored water. 

 The average tree conductivity increased by 33% from May to the beginning of October.  

Volumetric water content and nutrient uptake of ponderosa pines have been found to decrease 

during drier summer months (Domec et al., 2005), so this increase in conductivity is likely not 

due to changes in water content or nutrient concentrations. While the daily pattern in 

conductivity can be explained by tree water storage, as discussed above, the physical cause of the 

increasing seasonal pattern of bulk conductivity in the bole of the tree is not well understood.  

2.6.2 Data within the soil 

 The spatial distribution of the ground conductivity was highly heterogeneous (Figure 

2.7). In general, the highest conductivity values (regardless of time of day) were located closest 

to the tree (<0.5 m lateral distance). The conductivity decreased moving farther from the tree, 

until approximately 2.5 m away, where it began to increase again (Figure 2.7). On average, this 

spatial distribution is approximately radial. The high conductivity values close to the tree likely 

indicate high water content in either the soil near the tree or the roots themselves. The decrease 

in conductivity with distance from the tree is likely due to the movement of water towards the 

tree. However, the conductivity distribution is likely also dependent on the location of the roots. 

When the soil is very dry (Figure 2.7c) there are some areas of higher conductivity that do not 

follow the radial pattern, showing soil water that is drawn toward the roots and not necessarily 

directly toward the tree.  

 The spatial distribution of the conductivity also varies with depth (Figure 2.8). During the 

day, conductivity values are lower and more spatially heterogeneous, and there is clear 

variability with depth. The conductivity is high near the tree at shallow depths, but is low near 

the tree at deeper depths (Figure 2.8a). This could be evidence of a tap root, more water uptake 

in deeper soils, hydraulic redistribution, or a combination. Without invasive procedures, it is 

difficult to parse these possibilities apart. 
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 As the summer progressed, the average ground apparent conductivity decreased from 1.3 

mS/m to 0.65 mS/m, due to the seasonal drying out of the soil (Figure 2.9). Ground apparent 

conductivity temporarily increased from a daily mean of 0.79 mS/m on July 16 to 0.92 mS/m on 

August 4 and returned to 0.72 mS/m
 
on September 3 (Figure 2.9). This pattern was associated 

with the summer monsoon season during this time that caused a temporary increase in the soil 

moisture (27%). The magnitude of daily fluctuations of ground apparent conductivity showed a 

decreasing trend from early spring to late summer (Figure 2.9), which will be discussed further 

in Section 2.6.3.  

 

 

Figure 2.7: Resistivity percent change at four times during the 2-day period from June 24 – June 

26. Percent change of resistivity from the first time-step during the 2-day period is shown. 

Higher change represents lower soil moisture content. During the day the water content close to 

the tree is higher than the surrounding soil plot (a,c). In the early morning, the soil moisture 

content is higher throughout the site and shows less spatial variability (b,d). 
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Figure 2.8: Resistivity percent change for two times during the June 24 – June 26 data collection 

period at different depths: June 24 at 15:26 (a) and June 25 at 07:25 (b). 

 

 

Figure 2.9: Daily mean apparent conductivity (mS/m) for each data collection period decreased 

from late spring (May) to late fall (Oct). Error bars are the mean standard deviation of the 

average ground conductivity for each data collection period. This represents the average 

magnitude of daily fluctuation of soil moisture content of the data prior to inversion. 

 

2.6.3 Feedbacks between the tree and the subsurface 

 Diel patterns of ground apparent conductivity were related to diel sapflow patterns 

(Figure 2.8). From May to July, when the sapflow was high (at least 50% greater than daily 

mean), apparent conductivity of the soil plot decreased by 9.1% on average. Similarly, when 

sapflow was low (< 50% of daily mean), the apparent conductivity of the soil increased by 11% 

on average. During transpiration, root uptake decreases the soil moisture content and thus the 
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conductivity of the soil plot. When the tree transpiration slows and the sapflow sharply 

decreases, the tree is no longer strongly drawing water towards it. This allows the soil to be 

replenished with water, thus increasing the ground conductivity. Several mechanisms could be 

controlling the re-wetting process. While there is likely a difference of matric potential between 

the soil plot under the influence of the tree and the surrounding soil, the potential difference 

required to cause lateral movement of soil water would need to be relatively high in soil with 

such low moisture content. Monitoring of the matric potential was not conducted in this study, 

but tensiometers could be used to further investigate spatiotemporal changes in matric potential 

due to transpiration. A second process by which re-wetting could be occurring is hydraulic 

redistribution, where roots move soil moisture from plentiful areas to water-depleted areas in the 

lateral or vertical direction. Estimates of the average amount of water moved by hydraulic 

redistribution in other field sites range two orders of magnitude (0.04 – 3.2 mm/d) across varying 

plant species and ecosystems (e.g., Neumann and Cardon, 2012). Studies on old growth 

ponderosa pine and Douglas fir stands have shown that during dry conditions, hydraulic 

redistribution contributes an average of 0.1 – 0.2 mm/d of water use (Brooks et al., 2002; 

Meinzer et al., 2004; Warren et al., 2005; Warren et al., 2007). The time-series of normalized 

soil moisture data (Figure 2.7) shows a pattern characteristic of hydraulic redistribution, where 

there is a nocturnal increase of soil moisture instead of a steady value. Occasionally, the 

nocturnal increase exceeded the previous day’s soil water maximum. This occurrence shows that 

there may be a larger contribution of hydraulic redistribution in this drier climate than in 

previous studies, which have found up to 35% of transpired water is due to hydraulic 

redistribution in ponderosa pines (Brooks et al., 2002). The ERI images showed lower 

conductivity with depth (Figure 2.8), suggesting water is likely moving from deep to shallow 

depths, but further investigation is needed to support this hypothesis.  

 As noted above, the magnitude of daily fluctuations of ground conductivity decreased by 

52% from June to October (Figure 2.9). Several explanations could account for this result. There 

is less water in the soil plot in the late summer, which would force the tree to uptake less water. 

This would result in smaller conductivity fluctuations due to less water being taken from and 

returned to the soil during the diel cycle. Data from June support this hypothesis: with decreases 

in soil moisture (55%), decreases in sapflow (23%) and decreases in ground conductivity 

fluctuations (52%) occur. This would suggest a soil-moisture-limited system. However, this 
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hypothesis does not hold true for the entire summer. Data from June 24-26 and August 12-13 

have similar average daily soil moisture contents (0.068 and 0.062, respectively), average daily 

sapflow (3.4 cm/hr and 3.8 cm/hr, respectively), and average daily apparent ground conductivity 

(0.90 mS/m and 0.87 mS/m, respectively). However, the average daily fluctuation of ground 

conductivity is 58% higher for June 24-26 than August 12-13. This could be due to the tree 

drawing water from a deeper, perhaps more consistent water source during August when the tree 

has been subjected to drier antecedent conditions. This has been found to occur in ponderosa 

pine stands during very dry conditions in northeast Oregon (Warren et al., 2007). A second 

hypothesis is that more significant hydraulic redistribution is occurring in August, where water is 

taken up by the roots in areas of high soil moisture content (deeper depths) and redistributed to 

areas of low soil moisture content (closer to the surface). 

2.7 Conclusions 

 In this study, we present the first time-lapse ERI dataset mapping changes in a connected 

tree-soil system. The source and timing of water uptake by vegetation varies with fluctuating soil 

moisture conditions. Active transpiration (periods of high sapflow) drives water towards the tree, 

drying out the soil. The spatial distribution of this decrease in soil moisture is not homogeneous 

within the soil plot. The variability in soil moisture changes in both vertical and lateral directions 

is likely due to root distribution and preferential pathways towards the roots. When the tree is not 

transpiring (periods of low sapflow), the soil plot is replenished with water. We hypothesize that 

a combination of matric potential-driven water movement and hydraulic redistribution drives the 

re-wetting process; further investigations should include matric potential data to properly address 

the soil moisture pathways. Climate and seasonal conditions also affect the time and source of 

water uptake by vegetation. The daily fluctuations in soil moisture became less prominent in the 

drier summer months. We hypothesize this is due to a switch of tree water source from the 

shallow soil profile to deeper, more consistent source water, which we can see within the ERI 

inversions.  

 Because of the small scale of this study, only a specific portion of the relation between 

hydrologic and ecologic processes was investigated. While soil moisture and transpiration are 

directly linked, understanding of the effect of vegetation on subsurface flow and streamflow is 

vital to water management on a larger scale. In this study, the movement of soil moisture was 

captured, but where the water was coming from and going to could not be concluded with small-
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scale ERI monitoring alone. To further explore how the subsurface water storage processes 

influence the connected between transpiration and streamflow, a combination of hillslope-scale 

geophysical and isotopic methods could be used. Time-lapse geophysical imaging would provide 

high resolution monitoring of soil moisture, while the isotopic data from subsurface, stream, and 

tree water could give insight into water movement pathways. 

 Though changes in transpiration rates were not explicitly determined from the ERI data 

in this study due temperature factors, ERI did capture the timing of the daily change in water 

content in the tree and the spatiotemporal variability of active sapwood. Common assumptions 

when upscaling sap flux measurements include: (1) that the outermost xylem is where sapflow is 

most active, (2) sapflow activity is greater on the sunlit side, and (3) there is linear decline in 

sapflow from outer xylem to heartwood boundary. The results of the ERI surveys on the tree 

trunk clearly show many of these assumptions are appropriate, but are grossly overgeneralized.  

 Further research regarding the thermal diffusivity from the outer to inner trunk of trees 

and how time-lapse ERI can be corrected for changes in temperature within the tree itself should 

be done to improve the application of ERI to transpiration monitoring. The results of this study 

indicate that the combined use of geophysical methods and standard point measurements 

overcome previous limitations to the investigation of soil-plant-atmosphere relations.  
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CHAPTER 3 

FUTURE WORK 

 

 This research was successful in mapping the movement of soil moisture due to 

transpiration patterns on daily and seasonal scales within the small area of influence of a single 

tree. We also present the first application of time-lapse electrical resistivity imaging (ERI) to 

transpiration spatiotemporal patterns. As with any research study, important questions still 

remain.  Two possible research extensions are outlined below including: 1) expanding the 

investigation of transpiration, subsurface flow, and streamflow interactions on the hillslope scale 

and 2) improving ERI transpiration monitoring. 

3.1 Expansion to the Hillslope Scale 

 Because of the small scale of this study, only a specific portion of the relation between 

hydrologic and ecologic processes was investigated. While soil moisture and transpiration are 

directly linked, understanding of the effect of vegetation on subsurface flow and streamflow is 

vital to water management on a larger scale. In this study, the movement of soil moisture was 

captured, but where the water was coming from and going to could not be concluded with ERI 

monitoring alone. To further explore how the subsurface water storage processes influence the 

connected between transpiration and streamflow, a combination of geophysical and isotopic 

methods could be used. Time-lapse geophysical imaging would provide high resolution 

monitoring of soil moisture, while the isotopic data from subsurface, stream, and tree water 

could give insight into water movement pathways. 

3.2 Improvement of ERI transpiration monitoring 

 In this study we presented the first application of time-lapse ERI to monitor transpiration 

without the use of a tracer. Research is still needed to broaden the use of this method. One 

limitation to ERI is that the solutions are highly underdetermined. Conductivity is dependent on 

several physical properties such as ion concentration, temperature, water content, and pH. Time-

lapse ERI can be used to monitor one of these physical properties if the conductivity can be 

corrected for changes in other physical properties or the physical properties can be assumed 

constant. Previous studies on electrical properties of trees and applying geophysical methods to 
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trees have successfully identified spatial changes across the trunks of trees, but temporal changes 

are still poorly understood.  

 Considerable ground-truthing for ERI in trees is still needed, especially for use in 

monitoring transpiration. Temperature can have a significant effect on time-lapse ERI. Research 

on the thermal diffusivity through the trunk of a tree and how it is related to changes in 

conductivity is needed to isolate changes in water content from changes in temperature. The 

results of this study show that on the daily scale, changes in conductivity are primarily due to 

changes in water content of the tree. However, on the seasonal scale, the physical interpretation 

of changes in conductivity was not clear. Combining tree cores and other methods of ground-

truthing over the period of time-lapse ERI would help to constrain the interpretations.  

  



25 

 

REFERENCES CITED 

 

al Hagrey, S.A., 2006. Electrical resistivity imaging of tree trunks. Near Surf Geophys. 4, 179–

187. 

 

al Hagrey, S.A., Michaelsen, J., 2002. Hydrogeophysical soil study at a drip irrigated orchard, 

Portugal. Eur. J. Environ. Eng. Geophys. 7, 75–93. 

 

Banton, O., Banton, O., Seguin, M.K., Seguin, M.K., Cimon, M.A., Cimon, M.A., 1997. 

Mapping field-scale physical properties of soil with electrical resistivity. Soil Sci. Soc. 

Am. J. 61, 1010–1017. 

 

Barnard, D.M., Meinzer, F.C., Lachenbruch, B., Mcculloh, K.A., Johnson, D.M., Woodruff, 

D.R., 2011. Climate-related trends in sapwood biophysical properties in two conifers: 

Avoidance of hydraulic dysfunction through coordinated adjustments in xylem 

efficiency, safety and capacitance. Plant, Cell Environ. 34, 643–654. 

 

Beff, L., Gunther, T., Vandoorne, B., Couvreur, V., Javaux, M., 2013. Three-dimensional 

monitoring of soil water content in a maize field using Electrical Resistivity 

Tomography. Hydrol. Earth Syst. Sci. 17, 595–609. 

 

Befus, K.M., Sheehan, a. F., Leopold, M., Anderson, S.P., Anderson, R.S., 2011. Seismic 

Constraints on Critical Zone Architecture, Boulder Creek Watershed, Front Range, 

Colorado. Vadose Zo. J. 10, 915. 

 

Bieker, D., Rust, S., 2010. Electric resistivity tomography shows radial variation of electrolytes 

in Quercus robur. Can. J. For. Res. 40. 

 

Binley, A., Kemna, A., 2005. DC Resistivity and Induced Polarization Methods, 

Hydrogeophysics. pp. 129–156. 

 

Binley, A.M., Henry-Poulter, S., Shaw, B., 1996. Examination of solute transport in an 

undisturbed soil column using electrical resistance tomography. Water Resour. Res. 32, 

763–769.  

 

Bleby, T.M., McElrone, A.J., Jackson, R.B., 2010. Water uptake and hydraulic redistribution 

across large woody root systems to 20 m depth. Plant. Cell Environ. 33, 2132–2148. 

 

Bond, B.J., Jones, J. a., Moore, G., Phillips, N., Post, D., McDonnell, J.J., 2002. The zone of 

vegetation influence on baseflow revealed by diel patterns of streamflow and vegetation 

water use in a headwater basin. Hydrol. Process. 16, 1671–1677. 

 

Boronina, A., Golubev, S., Balderer, W., 2005. Estimation of actual evapotranspiration from an 

alluvial aquifer of the Kouris catchment (Cyprus) using continuous streamflow records. 

Hydrol. Process. 19, 4055–4068. 



26 

 

Bouyoucos, G.J., Mick, A.H., 1940. An electrical resistance method for the continuous 

measurement of soil moisture under field conditions. Tech. Bull. Michigan Agric. Exp. 

Stn. 172. 

 

Brooks, J.R., Meinzer, F.C., Coulombe, R., Gregg, J., 2002. Hydraulic redistribution of soil 

water during summer drought in two contrasting Pacific Northwest coniferous forests. 

Tree Physiol. 22, 1107–1117. 

 

Brooks, R.J., Barnard, H.R., Coulombe, R., McDonnell, J.J., 2010. Ecohydrologic separation of 

water between trees and streams in a Mediterranean climate. Nat. Geosci. 100-014. 

 

Brunet, P., Clément, R., Bouvier, C., 2010. Monitoring soil water content and deficit using 

Electrical Resistivity Tomography (ERT) – A case study in the Cevennes area, France. J. 

Hydrol. 380, 146–153. 

 

Burgess, S.S.O., Pate, J.S., Adams, M.A., Dawson, T.E., 2000. Seasonal Water Acquisition and 

Redistribution in the Australian Woody Phreatophyte , Banksia prionotes. Ann. Bot. 215–

224. 

 

Burgess, S.S.O., Turner, N.C., 1998. The redistribution of soil water by tree root systems. 

Oecologia 115, 306–311. 

 

Butler, J.J., Kluitenberg, G.J., Whittemore, D.O., Loheide, S.P., Jin, W., Billinger, M.A., Zhan, 

X., 2007. A field investigation of phreatophyte-induced fluctuations in the water table. 

Water Resour. Res. 43. W02404, doi:10.1029/2005WR004627. 

 

Chambers, J.E., Gunn, D. a., Wilkinson, P.B., Meldrum, P.I., Haslam, E., Holyoake, S.,  

Kirkham, M., Kuras, O., Merritt, a., Wragg, J., 2014. 4D electrical resistivity tomography 

monitoring of soil moisture dynamics in an operational railway embankment. Near Surf. 

Geophys. 12, 61–72. 

 

Dawson, T.E., Ehleringer, J.R., 1991. Streamside trees that do not use stream water. Nature 350, 

335–337. 

 

Domec, J., Pruyn, M.L., Gartner, B.L., 2005. Axial and radial profiles in conductivities , water 

storage and native embolism in trunks of young and old-growth ponderosa pine trees. 

Plant, Cell Environ. 28, 1103–1113. 

 

Fiora, A., Cescatti, A., 2006. Diurnal and seasonal variability in radial distribution of sap flux 

density : implications for estimating stand transpiration. Tree Physiol. 26, 1217–1225. 

 

Ford, C.R., Guire, M.A.M.C., Mitchell, R.J., Teskey, O., 2004. Assessing variation in the radial 

profile of sap flux density in Pinus species and its effect on daily water use. Tree Physiol. 

24, 241–249. 

 



27 

 

Goldstein, G., Andrade, J.L., Meinzer, F.C., Holbrook, N.M., Cavelier, J., Jackson, P., 1998. 

Stem water storage and diurnal patterns of water use in tropical forest canopy trees. Plant, 

Cell Environ. 21, 397–406. 

 

Gora, E.M., Yanoviak, S.P., 2015. Electrical properties of temperate forest trees : a review and 

quantitative comparison with vines. Can. J. For. Res. 45, 236–245. 

 

Guyot, A., Ostergaard, K.T., Lenkopane, M., Fan, J., Lockington, D. a, 2013. Using electrical 

resistivity tomography to differentiate sapwood from heartwood: application to conifers. 

Tree Physiol. 33, 187–94. 

 

Hayley, K., Bentley, L.R., Pidlisecky, A., 2010. Compensating for temperature variations in 

time-lapse electrical resistivity difference imaging. Geophysics. WA51–WA59.  

 

Hewlett, J.D., Hibbert, A.R., 1967. Factors affecting the response of small watersheds to 

precipitation in humid areas, in: Forest Hydrology. 275–290. 

 

Holbrook, N.M., Sinclair, T.R., 1992. Water balance in the arborescent palm, Sabal palmetto. II. 

Transpiration and stem water storage. Plant. Cell Environ. 15, 401–409. 

 

Lagergren, F., Lindroth, A., 2002. Transpiration response to soil moisture in pine and spruce 

trees in Sweden. Agric. For. Meteorol. 112, 67–85. 

 

Loheide, S.P., 2008. A method for estimating subdaily evapotranspiration of shallow 

groundwater using diurnal water table fluctuations. Ecohydrology 1, 59–66. 

 

Maeght, J.-L., Rewald, B., Pierret, A., 2013. How to study deep roots-and why it matters. Front. 

Plant Sci. 4, 299. 

 

Martin, T., 2012. Complex resistivity measurements on oak. Eur. J. Wood Wood Prod. 70, 45–

53. 

 

McDonnell, J.J., Sivapalan, M., Vaché, K., Dunn, S., Grant, G., Haggerty, R., Hinz, C., Hooper, 

R., Kirchner, J., Roderick, M.L., Selker, J., Weiler, M., 2007. Moving beyond 

heterogeneity and process complexity: A new vision for watershed hydrology. Water 

Resour. Res., 43, W07301, doi:10.1029/2006WR005467. 

 

Meinzer, F.C., Brooks, J.R., Bucci, S., Goldstein, G., Scholz, F.G., 2004. Converging patterns of 

uptake and hydraulic redistribution of soil water in contrasting woody vegetation types. 

Tree Physiol. 919–928. 

 

Michot, D., Benderitter, Y., Dorigny, A., Nicoullaud, B., King, D., Tabbagh, A., 2003. Spatial 

and temporal monitoring of soil water content with an irrigated corn crop cover using 

surface electrical resistivity tomography. Water Resour. Res. 39, 1–20. 

 



28 

Moore, G.W., Jones, J. a., Bond, B.J., 2011. How soil moisture mediates the influence of 

transpiration on streamflow at hourly to interannual scales in a forested catchment. 

Hydrol. Process. 25, 3701–3710. 

 

Neumann, R.B., Cardon, Z.G., 2012. Tansley review: The magnitude of hydraulic redistribution 

by plant roots : a review and synthesis of empirical and modeling studies. New Phytol. 

337–352. 

 

Nicolotti, G., Socco, L. V, Martinis, R., Godio, A., Sambuelli, L., 2006. Application and 

comparison of three tomographic techniques for detection of decay in trees. J. Arboric. 

29, 66–78. 

 

Nijland, W., van der Meijde, M., Addink, E. a., de Jong, S.M., 2010. Detection of soil moisture 

and vegetation water abstraction in a Mediterranean natural area using electrical 

resistivity tomography. Catena 81, 209–216.  

 

Phillips, N.G., Ryan, M.G., Bond, B.J., McDowell, N.G., Hinckley, T.M., Cermák, J.È., 2003. 

Reliance on stored water increases with tree size in three species in the Pacific 

Northwest. Tree Physiol. 23, 237–245. 

 

Reigner, I.C., 1966. A method of estimating steamflow loss by evapotranspiration from the 

riparian zone. For. Sci. 12, 130–139. 

 

Richards, J.H., Caldwell, M.M., 1987. Hydraulic lift: substantial nocturnal water transport 

between soil layers by Artemisia tridentata roots. Oecologia 73, 486–489. 

 

Schwartz, B.F., Schreiber, M.E., Yan, T., 2008. Quantifying field-scale soil moisture using 

electrical resistivity imaging. J. Hydrol. 362, 234–246.  

 

Schwinning, S., 2010. Ecohydrology Bearings - Invited Commentary The ecohydrology of roots 

in rocks 245, 238–245.  

 

Skutt, H.R., Shigo, A.L., Lessard, R.A., 1972. Detection of discolored and decayed wood in 

living trees using a pulsed electric current. Can. J. For. Res. 2, 54–56. 

 

Soil Survey Staff, Natural Resources Conservation Service, United States Department of 

Agriculture. Web Soil Survey. Available online at http://websoilsurvey.nrcs.usda.gov/. 

Accessed [April/20/2015]. 

 

Stone, E.L., Kalisz, P.J., 1991. On the maximum extent of tree roots. For. Ecol. Manage. 46, 59–

102. 

 

Tattar, T.A., Shigo, A.L., Chase, T., 1972. Relationship between the degree of resistance to a 

pulsed electric current and wood in progressive stages of discoloration and decay in 

living trees. Can. J. For. Res. 2, 236–243. 

 



29 

Vertessy, R.A., Hatton, T.J., Reece, P., Sullivan, S.K.O., Benyon, R.G., 1997. Estimating stand 

water use of large mountain ash trees and validation of the sap flow measurement 

technique. Tree Physiol. 17, 747–756. 

 

Wang, H., Guan, H., Guyot, A., Simmons, C.T., Lockington, D. a., 2015. Quantifying sapwood 

width for three Australian native species using electrical resistivity tomography. 

Ecohydrology. doi: 10.1002/eco.1612 

 

Waring, R.H., Running, S.W., 1978. Sapwood water storage: its contribution to transpiration and 

effect upon water conductance through the stems of old-growth Douglas-fir. Plant. Cell 

Environ. 1, 131–140. 

 

Warren, J.M., Meinzer, F.C., Brooks, J.R., Domec, J.C., 2005. Vertical stratification of soil water 

storage and release dynamics in Pacific Northwest coniferous forests. Agric. For. 

Meteorol. 130, 39–58. 

 

Warren, J.M., Meinzer, F.C., Brooks, J.R., Domec, J., Coulombe, R., Warren, J.M., 2007. 

Hydraulic redistribution of soil water in two old-growth coniferous forests : quantifying 

patterns and controls. New Phytol. 753–765. 

 

Wondzell, S.M., Gooseff, M.N., McGlynn, B.L., 2010. An analysis of alternative conceptual 

models relating hyporheic exchange flow to diel fluctuations in discharge during 

baseflow recession. Hydrol. Process. 24, 686–694. 

 

Zhou, Q.Y., Shimada, J., Sato, A., 2001. Three-dimensional spatial and temporal monitoring of 

soil water content using electrical resistivity tomography. Water Resour. Res. 37, 273–

285. 


