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ABSTRACT derived from traditional root extraction approaches are
also generally limited to root biomass averages acrossTraditional methods of measuring tree root biomass are labor inten-
plots or treatments rather than information on root dis-sive and destructive in nature. We studied the utility of ground-pene-

trating radar (GPR) to measure tree root biomass in situ within a tribution. Sampling needed to detect differences among
replicated, intensive culture forestry experiment planted with loblolly treatments can be expensive as well as time-consuming
pine (Pinus taeda L.). The study site was located in Decatur County, for technical personnel. Ground-penetrating radar can
Georgia, in an area of the Troup and Lucy (loamy, kaolinitic, thermic be used to detect tree roots and estimate root biomass
Grossarenic Kandiudults and Arenic Kandiudults, respectively) soils. rapidly and noninvasively (Butnor et al., 2001). While
With the aid of a digital signal processing GPR, estimates of root GPR may be an effective tool, its successful application
biomass to a depth of 30 cm were correlated to harvested root samples

is site specific. Ground-penetrating radar is limited byusing soil cores. Significant effects of fertilizer application on signal
the electromagnetic properties of the soil being sur-attenuation were observed and corrected. The correlation coefficient
veyed (Doolittle et al., 2002). Electrically resistive soilsbetween actual root biomass in soil cores and GPR estimates with
(i.e., high sand content) are more amenable to studycorrections for fertilizer application were highly significant (r � 0.86,

n � 60, p � 0.0001). Where site conditions are favorable to radar then conductive soils. Site factors that limit detection
investigation, GPR can be a powerful cost-effective tool to measure of tree roots in the southeastern USA are considered
root biomass. Verification with some destructive harvesting is required in detail by Butnor et al. (2001). Without intensive,
since universal calibrations for root biomass are unlikely, even across methodical scanning of grids, separation of roots by
similar soil types. Use of GPR can drastically reduce the number of size class or depth is not practical (Butnor et al., 2001;
soil cores needed to assess tree root biomass and biomass distribution. Wielopolski et al., 2000).
The quality and quantity of information resulting from a detailed

Raw GPR data can be of great interpretive value toGPR survey, combined with soil cores on a subset of plots, can be used
a trained technician in the field, but is typically used into rapidly estimate root biomass and provide a valuable assessment of
a qualitative manner. Tasks such as mapping depth tolateral root biomass distribution and quantity.
bedrock or water table, estimating the dimensions of
large subsurface objects, and delineating changes in soils
are interpretable in the field. Quantitative analysis ofThe contribution of tree roots to soil C is signifi-
raw data is possible. However, for the investigation ofcant and difficult to survey accurately. In the south-
roots, soil features that are not the intended target ofteneastern USA, where excessive erosion from past farming
reduce the quality of the data. These undesired soilpractices has depleted the mineral soil of C, tree roots
features produce clutter and interfere with data analysis.likely represent a greater proportion of belowground
The goal of post-collection processing of radar data isC. In a 34-yr-old loblolly pine ecosystem at the Calhoun
to reduce clutter and minimize the effects of multipleExperimental Forest in Union County, South Carolina,
hyperbolic reflections (Daniels, 1996). The radar imageroot systems comprised 18% of the belowground C
of a buried object often will not be representative of(Richter et al., 1995). At the Clemson Experimental
the objects’ actual dimensions, and signal processingForest, in Oconee County, South Carolina, tree roots
serves to transform the image to a format that can becomprised 24% of the belowground C in a 55-yr-old
more readily interpreted (Daniels, 1996). However, pro-loblolly pine plantation (Van Lear et al., 1995). Mineral
cessing cannot replace the need for appropriate experi-soil C concentrations are very static in these established
mental design and amenable site conditions to gainforest systems, Richter and others (1999) attributed
meaningful root biomass data.�1% of current C sequestration to accretion in the

There are numerous factors that can interfere withmineral soil. Tree roots are the most dynamic pool for
the resolution of roots. This study explores the potentialbelowground C accumulation in these forests.
of GPR and processing techniques on a near-ideal site.Traditional approaches used for root biomass har-
The purpose of this research is to: (i) assess GPR as avests (e.g., soil cores, pits, and trenches) provide reason-
rapid non-invasive means to augment destructive rootably accurate information, but they are destructive in
biomass harvests, (ii) improve the quality of radar datanature, labor intensive, and limited with respect to soil
through advanced processing techniques, (iii) calibrate/volume and surface area that can be assessed. Data
correlate radar estimates of root biomass with those
obtained from soil cores, and (iv) determine if calibra-J.R. Butnor, K.H. Johnsen, and L. Kress, Southern Research Station,
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agation for the upper part of the soil profile was estimatedMATERIALS AND METHODS
by burying a metallic object at a depth of 35 cm. Based on

Study Site the round-trip travel time to the buried reflector, the average
velocity of propagation was estimated to be 0.1355 m ns�1. ItWe used a subset of a larger intensive culture study of
was not necessary to perform any adjustment to the surfaceloblolly pine and sweetgum (Liquidambar styraciflua L.)
pulse. With the 1.5-GHz antenna, the position of the surfaceowned and managed by International Paper Corporation. The
pulse did not significantly affect depth measurements. Basedsite is located in Decatur County, Georgia, about 16 km south-
on a velocity of propagation of 0.1355 m ns�1, a scanning timewest of Bainbridge. We worked exclusively in 5-yr-old loblolly
of 10 ns provided a maximum penetration depth of approxi-pine plots with 2.4 by 3.7 m tree spacing. The study has a
mately 70 cm at our study site. Once the SIR-2000 settings wererandomized complete block design with three blocks and four
optimized for this site, all data were collected with identicaltreatments. Treatments include control (weed control only),
parameters (Table 1).irrigation (drip irrigation and weed control), fertigation (drip

irrigation with a fertilizer solution and weed control), and
Field Proceduresfertigation and pest control (drip irrigation with fertilizer solu-

tion, weed control, and pest control). Samuelson (1998) de- All field activities were completed 11 Dec. through 13 Dec.scribes the site and cultural treatments in greater detail. The 2000. There was no significant precipitation during the sam-site is located in a nearly level area of Troup and Lucy soils. pling period; skies were overcast with persistent fog duringThe deep, somewhat excessively drained Troup soil and the the day. In treatments receiving irrigation or fertilization, dripvery deep, well-drained Lucy soil formed in sandy and loamy irrigation lines were located immediately adjacent to the treesmarine and fluvial sediments of the Southern Coastal Plain. in each row. Within each block, one transect 3.6 m long wasTroup soil is a member of the loamy, kaolinitic, thermic established in each treatment. The transect was equidistantGrossarenic Kandiudults family. Lucy soil is a member of the between trees and perpendicular to rows in a linear fashionloamy, kaolinitic, thermic Arenic Kandiudults family. These (Fig. 1). Seven sample points were located every 60 cm alongsoils contain �10% (by volume) rounded quartz gravel, iron- each transect line and marked by thin wooden rods that wouldstone nodules, and plinthite. not produce signal interference. A pass with the 1.5-GHz
antenna was made in one direction keeping a steady rate of

Radar Equipment advance. The location of each sample point was electronically
marked on the radar profile as the antenna was pulled passedThe Subsurface Interface Radar (SIR) System-2000, manu-
each wooden rod. A second pass was made in the oppositefactured by Geophysical Survey Systems, Inc. (North Salem,
direction on the other side of the line of rods. Once GPRNH) was used in this study. The SIR System-2000 consists of
sampling was complete, a 15-cm soil core was collected to aa digital control unit (DC-2000) with keypad, LCD VGA
depth of 30-cm at each sample point. The roots were separatedscreen, and connector panel. We used a model 5100 (1.5 GHz)
from soil using a standard #14 mesh sieve and washed withantenna(Geophysical Survey Systems, Inc., North Salem,
water. They were separated into three size classes (0–2, 2–5,NH), which has a bow tie, dipole configuration. A 12-V DC
and �5 mm), oven-dried at 65�C for 72 h and weighed tobattery powers the system.
determine total live root biomass. Butnor et al. (2001) wereGround-penetrating radar is a time-scaled system. This sys-
unable to satisfactorily separate root size classes or even depthtem measures the time that it takes electromagnetic energy
classes of root biomass in shallow profiles. Orientation ofto travel from the antenna to an interface (e.g., root, soil
roots, geometry of root reflective surfaces and proximity ofhorizon, stratigraphic layer) and back. To convert the travel
other adjacent roots all serve to confound attempts to delin-time into a depth scale, either the velocity of pulse propagation
eate root size classes with GPR. Clusters of small roots canor the depth to a reflector must be known. The relationships
create a point reflector indistinguishable from one larger root.among depth (D), two-way pulse travel time (T), and propaga-
For these reasons only total live root biomass for the entiretion velocity (V) are described in the following equation (after
0- to 30-cm profile was analyzed in this investigation.Morey, 1974):

D � V � T/2 Post-Collection Data Processing
Velocity is expressed in meters per nanosecond (m ns�1). The Radar profile normalization and post-collection filtrationamount and physical state (temperature dependent) of water was accomplished using Radan for Windows NT post-pro-have the greatest effect on the velocity of propagation. The
radar unit was calibrated before fieldwork. A velocity of prop-

Table 1. Control settings used on SIR-2000 unit.

Parameter Value

Sample/scan 256
Bits/sample 16
Scans/second 46
Stacking 0
Units N
Scan unit 200
Unit mark 0
Dielectric constant 4.9
Position 187.9
Range 10†
GAIN 0 16 30 40
Low pass filter 4016
High pass filter 251
Horizontal smoothing 3

Fig. 1. Illustration of study site showing the location and orientation
of trees, irrigation tubes, transects, and GPR passes.† nanoseconds.
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cessing software Version 3.0 (Geophysical Survey Systems of block, treatments and core locations on actual and estimated
root biomass. Sample means and standard errors presentedInc., North Salem, NH). Horizontal distance normalization

was applied to all profiles to standardize the distance between in bar graphs were calculated with the means procedure.
the markers (rods spaced on the ground at intervals of 60 cm).
We did not have a standard distance measured before the

RESULTSfirst sample point and after the last sample point to properly
normalize Cores 1 and 7 (location 0 and 360 cm on the transect). Images representative of a low root biomass (control)Therefore only the middle five cores of each transect could

and high root biomass radar profiles (irrigated) are pre-be analyzed.
sented in Fig. 2. The midpoint of each image is theAfter this process, all data files were the same length. Sev-
location of the center of the tree row, tapering at eithereral data processing techniques were applied in a stepwise
end to the inter-row area. Arrows indicate the locationfashion to determine if they aided in root biomass discrimina-

tion. The features of interest in the radar profiles were hyper- of each soil core along the transect. Figure 2A shows a
bolic reflectors that indicate a root or other point anomaly. data file that has been horizontally normalized. The
Parallel bands observed in the scans were the result of plane control has a smaller number of point reflectors and
reflectors such as the ground surface, soil horizons, and bands overall smaller area of high amplitude signal. Another
of low frequency noise. They were removed using a filtration feature to note is the presence of parallel bands from
technique called background removal (Oppenheim and the air-soil interface. These bands do not provide anySchafer, 1975). Kirchoff migration is a technique that identifies

information on point reflectors and were removed inthe geometry of a hyperbolic reflector and reduces the impact
Fig. 2B using the background removal technique. Kir-of multiple reflections (Oppenheim and Schafer, 1975; Berk-
choff migration is applied to the data in Fig. 2C. Thehout, 1981; Daniels, 1996). This migration technique decom-
hyperbolic point reflectors are decomposed into aposes and compacts the geometry of the hyperbolas into a

form that is closer to the actual feature. The Hilbert transfor- smaller area, reducing clutter and allowing more precise
mation is a technique with similar goals as Kirchoff migration, delineation of objects. Application of the Hilbert trans-
but instead of using geometry, it uses magnitude to decompose formation is displayed in Fig. 2D. The Hilbert transform
the hyperbolic reflectors and multiple “echoes” (Oppenheim and Kirchoff migration technique produce very similar
and Schafer, 1975). Both of these techniques reduce clutter graphical data.
and help resolve root materials. After these processing tech- The majority of the roots collected from soil coresniques were applied separately, the profiles were converted

were in the �5-mm size class. These coarse roots com-from radar data files (*.dzt) to bitmap image files (*.bmp)
prised 87% of total root biomass on a dry weight basis.using Radan to Bitmap Conversion Utility version 1.4 (GSSI,
A direct comparison was made between total root bio-North Salem, NH).
mass (0- to 30-cm depth) collected from each core andQuantification of radar profiles was performed with Sig-

maScan Pro Image Analysis software, Version 5.0 (SPSS Sci- radar data filtered with each of the signal processing
ence, Chicago, IL). Radar profiles were converted to 8-bit techniques. All of the techniques had significant correla-
gray scale images (required by SigmaScan Pro). To make a tions with actual root biomass (Table 2). The Hilbert
direct comparison with root biomass collected with soil cores, transformation had the highest correlation (Table 2).
radar profiles were sectioned with SigmaScan Pro, leaving The relationship between actual root biomass from
only the data collected when the antenna was directly over cores and GPR data processed with horizontal distancethe location of each soil core. Ground-penetrating radar data

normalization, background removal, Hilbert transfor-that could not be directed correlated with cores was discarded.
mation, and quantified with intensity thresholding pro-The remaining sections were analyzed with SigmaScan Pro to
cedures was analyzed with the General Linear Modelsquantify the relative proportion of the images that presented
procedure (Proc GLM, SAS Institute) using treatmenttree roots as measured by pixel intensity. Intensity is a relative

measure of how light or dark a pixel is, using 8-bit grayscale as a covariant. The results of the analysis for (i) no
images, a value of 0 is black and 255 is white. We used an separation between treatments, (ii) separation into four
intensity threshold range of 60 to 200, which seemed to delin- treatments, and (iii) separation into two primary treat-
eate detectable roots (�0.5 cm) with minimum illumination ments (fertilized and unfertilized) are displayed in Fig. 3.
of unwanted clutter. This thresholding technique illuminates The amount of variation explained by the model in-the area of the radar profile that meets the intensity parame-

creases substantially when all four treatments are usedters measured by the software. For each transect, data from
as a covariant compared with the analysis using no sepa-the two radar passes were used. The area within the intensity
ration between treatments. There was no significant dif-threshold parameters for the two passes was combined for
ference in slopes or y intercepts among fertilized treat-each core.
ments (fertigated and fertigated � pest control) or
among unfertilized treatments (control and irrigated).Statistical Analysis
The difference in slopes can best be described in a two-

All statistical analyses were performed with the SAS System treatment model Fig. 3C. Both slopes (p � 0.0001) and
for Windows Version 8.0 (SAS Institute, Cary, NC). Pearson’s intercepts (p � 0.0015) are significantly different be-
correlation coefficient was used to compare actual root bio- tween the treatments. Based on the relationships in
mass from soil cores to radar data, and assess the utility of Fig. 3C, the Hilbert transformed GPR data was con-several signal-processing techniques. Analysis of covariance

verted to root biomass using the following equations:was used to identify differences in slopes between treatments
and provide a linear fertilizer correction equation. Linear re- Fertilized treatment root biomass � 1.41
gression was used to test these corrections. Analysis of vari-
ance using a split-plot design was applied to gauge the impact � GPR data � 0.009294 [1]
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Fig. 2. Radar profiles representative of a low root biomass transect (control) and a high root biomass transect (irrigated). The midpoint of each
image is the location of the row center, tapering at either end to the inter-row area. Effect of each digital signal processing procedure on the
profile is presented: (A) horizontal distance normalization only, (B) horizontal distance normalization, and background removal, (C) horizontal
distance normalization, background removal, and Kirchoff migration, (D) horizontal distance normalization, background removal, and Hil-
bert transformation.

or estimated root biomass per transect (sum of fiveUnfertilized treatment root biomass � 3.9
cores) by block or treatment (Fig. 5 and 6). Within each

� GPR data � 0.004834 [2] treatment the agreement between actual and estimated
biomass was very close (Fig. 6). Estimated biomass gen-Once the corrections were applied, linear regression was
erally had lower variability than actual biomass har-used to test the relationship between actual root biomass
vested from cores.from soil cores and estimated root biomass using GPR.

Analysis of variance was utilized to assess the impactThe fertilizer corrections increased the amount of varia-
of block, treatments, and core locations on actual andtion explained (R2 � 0.73) and gave a 1:1 ratio between
estimated root biomass using a split plot design (Tables 3actual and estimated root biomass (Fig. 4). The correla-
and 4). Due to greater variability in actual root biomass,tion coefficient between actual root biomass in soil cores
the treatments and the treatment/core–location interac-and Hilbert transformed GPR data, with the above cor-
tion were not found to be significant using a five core perrections, improved to r � 0.86 (n � 60, p � 0.0001).
treatment/block combination sampling scheme (Table 3).There were no significant differences between actual
However, core location was highly significant. Due to

Table 2. Comparison of root biomass separated from 10 by 30 less variability in estimated biomass, the treatment, loca-
cm soil cores to radar estimates using Pearson’s Correlation tion and treatment/core location interaction were all
Coefficient (N � 60). significant (Table 4). Most of the variability in both

Processing procedure r p actual (R2 � 0.81) and estimated (R2 � 0.89) root bio-
mass was explained by the statistical model. Both AN-Horizontal distance normalization and background

removal 0.73 �0.0001 OVA tables indicate that location along the transect has
Horizontal distance normalization, background the greatest impact on root biomass. Data summarizedremoval and Kirchoff migration 0.81 �0.0001
Horizontal distance normalization, background from all three blocks showing root biomass distribution

removal and Hilbert transformation 0.76 �0.0001 per treatment is presented in Fig. 7. Even though the
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Fig. 4. Linear regression comparing total root biomass per core and
root biomass estimated with GPR, which has been adjusted to
account for fertilizer effects on signal magnitude. Dashed lines
represent the 95% confidence interval.

migration improved the correlation between actual and
estimated root biomass (Table 2), but not as much as
the Hilbert transformation. With the Radan for Win-
dows NT program, the user defines the hyperbola and
then only one definition of hyperbola geometry is used
to analyze point reflectors in the data set and remove
clutter. Unlike civil engineering targets (rebar, buried
pipes, construction material layers) tree roots have a
tremendous diversity of reflector shapes and orienta-
tions. The one size fits all geometry definitions utilized
in curve migration (as performed in this study) is not
as useful as the Hilbert transformation. The Hilbert
transform uses signal magnitude instead of reflector ge-
ometry to compact the hyperbola into a shape more
representative of the actual size of the point anomaly.Fig. 3. Relationship between actual root biomass from soil cores and
No user-defined parameters are necessary to run theGPR data processed with horizontal distance normalization, back-

ground removal, Hilbert transformation, and thresholding proce- Hilbert transform, eliminating the need for potentially
dures. Analysis of covariance results using (A) no treatment delin- arbitrary decisions on hyperbola geometry.
eation, (B) separation in four treatments, and (C) reduction to two In this study we found that fertilizer applications hadprimary treatments.

a significant effect on the amplitudes of the reflected
radar signal. A larger quantity of root biomass in thecontrol treatment has no drip irrigation tube, root bio-
fertilized treatment produces lower signal amplitudesmass is greater on the row center, which is closer to the
than a smaller quantity of roots in the unfertilized treat-trees than any other core location. The other treatments
ments (Fig. 3). We were able to statistically correct thethat receive irrigation and/or fertilization have dramati-
data to account for these effects (Eq. [1] and [2]) andcally higher root biomass near the drip tube (Fig. 7.).
improve correlations between actual and estimated rootExcellent agreement exists between actual and esti-
biomass (Table 2). Increased soluble salt contents willmated root biomass, with estimated biomass exhibiting
increase the electrical conductivity and the attenuationsimilar or lower variation as gauged by the standard
rate of radar energy in soils. The greater dissipation oferror of the mean.
radar energy in the fertilized treatment plots results in
lower amplitude reflections. Ions resulting from fertil-

DISCUSSION izer application may cause increased electrical conduc-
tivity at the soil-root interface thereby reducing the sizeSubstantial improvement of root biomass estimation
and magnitude of the resulting hyperbola relative to awith GPR was possible with the aid of advanced digital
point anomaly without fertilizer. Calibration of radarsignal processing techniques. Horizontal distance nor-
by treatment solves the problem of treatment bias onmalization and background removal techniques are nec-
radar signal propagation. This finding may have implica-essary to standardize data sets. Background removal
tions for how GPR data is used quantitatively in fertil-eliminated obvious clutter from surface reflections and
ized agricultural systems.undesired, low-frequency background noise consisting

of parallel reflections in the data (Fig. 1). Kirchoff curve This research substantially improved root biomass
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Fig. 5. Comparison of total root biomass per transect (five cores) and root biomass estimated with GPR (adjusted to account for fertilizer effects
on signal magnitude) within each block (�/� s.e.).

estimation over previous studies (Butnor et al., 2001) (�2 mm), but unsuited to estimate coarse roots because
of the unequal distribution and decreasing density asby closely matching the footprint of the radar antenna

to the location of the soil core. The ability to correlate distance from the taproot grows. Previous studies indi-
cated that roots as small as 5 mm are directly detectableradar data to actual root biomass (r � 0.86) gives greater

confidence in the technique. Root biomass estimates with GPR (Butnor et al., 2001). In the current study
87% (dry weight basis) of roots were directly detectablefrom cores can be highly variable where root distribu-

tion is uneven. The quality of these estimates is depen- with GPR. This is not to imply that roots �5 mm were
not measured, but they could not be resolved singly.dent on matching sample size and coefficient of varia-

tion. Retzlaff and others (2001) present data comparing Problems encountered estimating root biomass with soil
cores can be greatly minimized by the quantity of datalateral root density (non-taproot) in a 5 yr-old loblolly

pine plantation measured with 1-m2 pits (n � 3 per plot) obtained with GPR. Once a research site is calibrated
for root studies with soil cores, the potential to studyand estimated with 5-cm soil cores (n � 6 [four pooled

subsets per n] per plot). Lateral root density from the root biomass distribution with GPR is remarkable (Fig.
7). In each transect a linear distance of 3.6 m wassquared-meter pits was 60% higher than core estimates

with a range of �9 to 143%. Vogt and Persson (1991) scanned. However, data were only used where we had
direct verification with soil cores (five per transect).found that soil cores were useful to study fine roots
Each transect took minutes to scan and contains data
equivalent to 36 cores. An additional 1000 m was
scanned at the site in �4 h, yielding data equivalent to
10 000 soil cores (data not shown). The effort of coring
a small subset of a forest research site can be leveraged
with GPR, yielding vast quantities of data. Future re-
search will address scaling to the stand level and devel-
oping root biomass distribution contour maps for differ-
ent cultural treatments.

Table 3. Analysis of variance table for actual root biomass col-
lected via soil cores in the replicated experiment (R2 � 0.81).

Source df SS MS F p

Block 2 241.49
Treat 3 142.19 47.40 1.19 0.3885
Block � Treat (Error A) 6 238.04 39.67
Location 4 2875.58 718.90 23.23 0.0001
Treat � Location 12 485.16 40.43 1.31 0.2626
Block � Location � 32 990.12 30.94Fig. 6. Comparison of total root biomass per transect (five cores) and

Block � Location � Treatroot biomass estimated with GPR (adjusted to account for fertilizer
(Error B)effects on signal magnitude) within each treatment (�/� s.e.).
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Fig. 7. Effect of soil core location along the survey transect on root biomass (actual and estimated in each treatment (�/� s.e.). Except for the
control treatment, drip irrigation/fertigation tubes cross the transect at 180 cm.

If actual and radar estimates of root biomass have a an area somewhat larger than the soil core and small
high correlation (r � 0.86) we would expect that when point-to-point heterogeneity present in the cores was
analysis of variance is applied to both sets of variables reduced.
they would have similar results. Estimated biomass was Ground-penetrating radar provides better root bio-
able to detect levels of significance in treatment and mass distribution data than coring alone, but neither
treatment/core location that were not possible with the technique can adequately measure taproot biomass. The
soil core data (Table 3 and 4). Apparently the amount importance of the taproot and stand level measurements
of variability among soil cores is greater than that esti- is dramatic (Table 5). Taproots comprised 50 to 94% of
mated with GPR. Although we marked the exact loca- the total root biomass in several loblolly pine plantations
tion of the soil core on the GPR data, we had limited measured in the southeastern USA (Table 5). More
control over the exact size of the antenna’s footprint work is needed to develop non-invasive methodologies
area. Conyers and Goodman (1997) describe factors to measure this component of root biomass. Unlike lat-
that influence the footprint area. We likely measured eral roots, we do not need to search for taproots, we

know their location and should be able to angle the
Table 4. Analysis of variance table for estimated root biomass, GPR antenna or use borehole methods to image theusing soil core calibrated radar data, in the replicated experi-

taproot. It should also be noted that taproot biomass canment (R2 � 0.89).
be estimated very successfully with allometric equations

Source df SS MS F p
designed for specific site conditions (Albaugh et al.,

Block 2 23.67 1998). However, this is a time consuming and expen-
Treat 3 179.06 59.69 5.56 0.0363

sive process.Block � Treat (Error A) 6 64.46 10.74
Location 4 2528.6 632.15 51.59 0.0001 Our study site was, a priori, considered to be amena-
Treat � Location 12 444.64 37.05 3.02 0.0061 ble to radar investigation. When considering GPR forBlock � Location � 32 392.13 12.25 51.59 0.0001

Block � Location � Treat use in forest research, careful attention to soil suitability
(Error B) (Doolittle et al., 2002) and other site factors that can
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Table 5. Mean percentage of total root biomass comprised of a vertically oriented taproot in loblolly pine plantations receiving varied
cultural treatments and nutrient amendments.

Stand age Taproot† Location Reference

yr
5 94 Decatur County, GA Samuelson, unpublished data (2001)
5 �50 Scotland County, NC Retzlaff et al. (2001)
15 82 Scotland County, NC T.J. Albaugh, personal communication (2001)
34 63 Union County, SC Richter et al. (1995)
55 55 Oconee County, SC Van Lear et al. (1995)

† Percentage of total root biomass comprised of taproot.

limit resolution of tree roots (Butnor et al., 2001) is a detailed GPR survey can rapidly estimate root biomass
and provide unparalleled information on lateral rootnecessary. The type of antenna used in this study re-

quires contact with the soil surface. It needs to be ad- biomass distribution and quantity.
vanced (pulled) across the surface at a controlled pace
with minimal tipping or bouncing as the antenna moves ACKNOWLEDGMENTS
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