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Executive Summary

Introduction

LSU Agricultural Center, School of Renewable Natural Resources (SRNR)
personnel were responsible for study design, protocol development, primary data
collection, data analysis, and report generation. SRNR personnel included Dr. Jim L.
Chambers, Weaver Brothers Endowed Professor for Excellence in Forestry; Dr.
Thomas J. Dean, Professor of Forestry; Melinda S. Hughes, Senior Research
Associate, Christopher B. Allen, Research Associate SRNR; Fugui Wu, Forestry Ph.D,
Candidate; and Steven Wright, Master of Agriculture Candidate SRNR.

JESCO handled the primary contract for the project. Mr. Tom Cousté P.E. of
JESCO provided project management. Additionally, JESCO and GEC assisted in data
collection, provided equipment and advice as needed, provided equipment operators,
handled logistics of sampling and material gathering, and coordinated with the Corps of
Engineers.

Project Introduction

The New Orleans District, U.S. Army Corps of Engineers (MVN) requested data
gathering and analyses of tree root extent and behavior to provide empirical data in
support of vegetation management guidelines for Federal and non-Federal levees and
floodwalls. The root study project area was broadly defined as the 1,300 miles of Corps
of Engineers levees in the New Orleans District of southern Louisiana. The study and
data collection focused on tree removal project areas in the metropolitan area including
the New Orleans Lakefront levee, Orleans Avenue Canal levee and floodwall on the
City Park side, the London Avenue Canal, and the 17" Street Canal. Additional
supplementary data were taken on current and abandoned levee reaches along the
Mississippi River in south Louisiana. The root study did not include geotechnical
analyses of tree roots relative to levees and floodwalls.

Scope of Work
Root study tasks were broken down in three separate phases or tasks.

» Phase or Task 1 — Literature Review
e Phase or Task 2 —Data Collection Protocol
* Phase or Task 3- Data Collection and Analysis, Final Report Preparation
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Phase 1: Literature Review

In general, SRNR personnel conducted a literature review synthesizing the
information found and its potential relevance to root extent and behavior along and in
compacted and disturbed soils, as they occur along and within levee systems in this
study. The literature review included research on root barriers and their potential use
and effectiveness, and also discussed the potential for use of remote sensing
techniques in future work.

Phase 2: Data Collection Protocol

Field data was collected by selected species and tree size (diameter and height)
and Include information on soil texture, soil strength by depth, and other defining
parameters. The variability of root growth by species, tree size, and environment is
extremely high and the nature of this project which involves the integrity of levees and
floodwalls for southern Louisiana was particularly sensitive in nature. Consequently,
initial work was considered a first estimate regarding detailed information about data
quality. This work provides a metric necessary to determine sampling intensities for
defined data quality objectives for more detailed study:.

Initial work included measurements, with standard sampling procedures, distance,
depth, and distribution of roots along and within levees and floodwalls. Work included a
variety of species and tree sizes. Species included American sycamore, live oak, water
oak, pecan, baldcypress, pine (generally slash pine), sugarberry, Drake elm and
Chinese tallow tree as available Three tree size categories, based on diameter (12 to 19
inches, 20 to 36 inches, and 36 inches and above), were used to ensure collection of
data across a range of stem diameters (iree sizes) as potentially related to root extent
and behavior within species. Investigators took advantage of tree distributions at varying
distances from the toe of levees and floodwalls to provide a composite picture of root
extent by species and size, while protecting the integrity of the existing levees and
floodwalls.

The primary technique for documenting root extent and behavior was root-profile
mapping of trench sidewalls. Measurable dimensions of measurement trench surfaces
were a maximum of 3 ft deep and 10 feet in length and ran parallel to levees or
floodwalls. Most trench root-profile walls began at least 9 ft away from subject trees
between the tree and the levee. Additional trenches were added at approximately 6 ft
intervals until the majority of major roots (larger that 0.5 inches in diameter) were
surpassed. Abandoned Mississippi River levee sections in south Louisiana were used to
provide some of the information regarding the presence of deep roots (roots at depths
greater than 3 ft). Observational information was obtained from the ongoing Corp root
removal program when timing and logistics worked out with Corp contractors. Lack of
quality control, time, and logistical constraints did not allow data to be collected along
with the ongoing root removal program. Observational information was collected from
trenches near tree stumps or near standing trees to be cut in proximity to levee toe. A
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Corp contractor assisted in excavation of a number of initial observational trenches to
help with protocol development and to explore for the possibility of deep roots.

Phase 3 — Data Collection, Data Analysis, and Final Report Preparation

Seventy-nine trees were selected for root-profile wall mapping. Root extent of 54
trees along levees on the east and west side of the 3 outfall canals in northern New
Orleans and 9 trees along the protection levee on the Pontchartrain lake front were
sampled. Root extent of 16 trees along the west protection levee along the Mississippi
River, north of White Castle were also sampled. All sampling occurred between April
and June of 2007. Study tree diameters ranged from 13 inches for the smallest trees to
65 inches, but most trees ranged between 15 and 36 inches in diameter.

Trees selected for sampling root extent were located within a corridor extending
from the toe of the levee to a distance where roots might extend. The outer boundary of
the corridor was based on past measurement experience with a particular species and
size combination. |deally, trees were isolated enough to expect only the roots from the
sample tree to be sampled on the root-profile wall, though roots of other species
probably also protruded from the sample face on some occasions. Within a particular
species, the sample trees well represent the range of sizes encountered near the outfall
levees. In addition to stem diameter, total height of intact trees was measured. Twenty-
one trees were represented as remaining stumps at the time sampled. They had been
cut prior to the initiation of this study. As mentioned in Phase |l, radius of the live crown
in the direction of the levee was measured with a 100-ft tape. Crown diameter was also
measured in the direction of the levee and at right angles. These two diameters were
averaged for the tree. Mean height of the sample trees ranged from 33 ft to 80 ft - the
smallest tree was a 28-ft tallow tree and the tallest was a 110-ft sycamore tree,

Radial root extent was estimated by counting roots protruding from one face of
shallow trenches excavated with a small excavator. Trenches were large enough to
accommodate measurement root-profile walls that were 10-ft long and 3-ft deep. The
right-of-entry corridor was often narrower than the corridor of roots with diameters of 0.5
inches or larger originating from candidate trees. For trees within the right-of-entry
corridor, the first root-profile wall was generally excavated approximately 9 ft from the
base of tree. For trees outside the right-of-entry corridor, the first root-profile wall was
created at the toe of the levee. Subsequent trench walls were excavated at
approximately 6-ft intervals from the previous wall toward the ridge (shoulder) of the
levee. Sampling was generally considered complete when less than 2 roots in the
lowest root diameter category were present. A total of 217 trenches were excavated.

The number of roots counted in the 0.50 to 0.99-inch diameter class was nearly one
order of magnitude greater than the number of roots counted in next two diameter
classes; they exceeded the number of roots greater than 2.0 inches by two orders of
magnitude (Table 4). While the number of roots counted should be a function of
species, the number counted for each tree is a function of the relative frequency of each
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species represented in the sample. Normalizing according the number trees selected by
species: slash pine had the highest number of roots counted (44 .9/tree on the root-
profile wall surface) and sugarberry had the fewest number of roots counted per tree
(13.7/tree on the root-profile wall surface).

Root growth can be physically restricted by the soil's resistance to penetration or
soil strength. This resistance in this study was estimated with a pin penetrometer.
Normally, soil strength will increase with soil depth as a result of clay accumulation.
Soils in the New Orleans area and along the Mississippi River levee are relatively young
marine or river deposits mostly eliminating the vertical gradient in soil strength in more
weathered soils. In addition, levees are constructed mostly from homogenized and
compacted fill, minimizing variation in soil strength. The effect of the homogenizing
factors is clearly evident in the penetrometer readings. Some heterogeneity is evident in
the soils: penetrometer readings as readings ranged from a minimumof 1.5to 3to a
maximum of 15.5 to 20. Mean soil strength did not vary predictably among horizons or
among levees.

Mean penetrometer readings varied with textural class, with highest readings for
finely textured soils (clay) and lowest readings for silty soils and coarse texture sands.
The textural class of the soil was determined at successive 1-ft intervals on the root-
profile wall using a decision key. Trenches were predominantly excavated in two
textural classes: clay and silty clay. The next two frequently encountered textural
classes were clayey silt and sill. The frequency of these texture classes is consistent
with soil origin in New Orleans and along the Mississippi River, It is also consistent with
the geotechnical requirements of the levees. Sand was encountered on a few levees
(Pontchartrain lakefront and the southern end of the London Ave canal). A layer of
weathered brick was found in trenches excavated on the north end of the London Ave
canal. Other items found in trenches were buried baldcypress stumps, large pieces of
concrete and old tile drains.

For all species, the number of roots greater than 0.5 inches in diameter decreased
with distance from the base of the tree. Roots greater than 1.0 inch also decreased with
distance from the tree, but since substantially fewer roots in the larger size classes
protruded from the root-profile walls, the pattern was far less pronounced. Because so
few roots greater than 1.5 inches in diameter were counted on the 30 ft2 root-profile wall
surface, no apparent relationship existed between number and distance.

Factors Influencing Root Number and Extent

To determine factors influencing the number of roots above the three minimum-size
categories, correlation coefficients were calculated between the logarithm of root counts
and distance, and other tree and soll properties. The counts were transformed because
the decline in root counts with distance from the tree resembled an exponential decay
function. Distance was consistently correlated with the logarithm of counts for all three
minimum size categories. For roots greater than 1.5 inches, distance was the only
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variable that correlated with the log of counts. For roots greater than 1.0 inches, stem
diameter was also significantly correlated with root counts. For roots greater than 0.5
inches, stem diameter, tree height, and a simple volume index based on diameter and
height were also correlated with root counts. For each diameter category, the number
of roots protruding from the root-profile walls varied with species, decreased with depth,
and increased with stem diameter. Roots greater than 0.5 inches decreased with
increasing soil strength. Variation in the number roots per root-profile wall was high and
correlations between explained only 30% of the variation. For each root diameter
category, the number of roots protruding from the root-profile walls varied with species,
decreased with depth, and increased with stem diameter.

The distance from the tree, where the number of roots protruding from a root-profile
wall was one or less, was assumed to be the maximum radial extent of roots emanating
from the subject tree. The actual tips of the roots were not located. Maximum extents
were determined for each of the root diameter thresholds. Correlation coefficients
between maximum root extent and tree characteristics were generally significant for
roots In all three diameter categories. Maximum root extent was not significantly
correlated with soil strength for any diameter threshold. For roots greater than 0.5
inches and greater than 1.0 inches, the index of stem volume (D2H, representing overall
tree size) showed the highest correlation with maximum root extent; tree height and
crown size were the next most correlated variables. For roots greater than 1.5 inches in
diameter, crown diameter showed the highest correlation with root extent.

The maximum radial extent of the roots is related to tree species, but the specific
rankings vary by the diameter thresholds of the diameter class. The furthest average
extent was seen in roots > 0.5 inches in diameter for pecan. Sycamore roots extended
the furthest for roots greater than 1.0 and 1.5 inches. The maximum extents of
sugarberry roots in the various size classes were approximately half the extent of the
pecan and sycamore roots. The maximum extent of water oak roots greater than 1.0
and 1.5 inches were nearly the same as sugarberry, While specific species rankings
varied with each diameter threshold, species were consistently in the top or bottom
halves of the rankings, with exception of baldcypress.

The edge of the crown Is commonly thought to demarcate radial root extension. If
true, the slope between the maximum radius of roots and crown radius would be one.
Our estimate of maximum root extent regressed against crown radius had slopes of 0.5
and smaller for three categories of root sizes. Plots of the resulting equations indicate
that on average, roots greater than 0.5 inches in diameter do not extend past the edge
of the crown, at least not in the direction of the levee. Roots greater than 1.0 inch and
greater than 1.5 inches in diameter extend on average to half way between the stem
and the edge of the crown. However these relationships only explain between 10 and
33 % of the variation in root extent.

Given the high variation in root extent observed in this study, probabilities of how far
roots extend may be more informative than deterministic approaches such as the
correlation and regression analyses results above. Probabilities are determined by
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fitting probability density functions to frequency data. With cumulative probability
function, the distance from the tree encompassing specific cumulative fractions of root
within a volume of soil 3-ft deep and 10-ft across can be calculated. Half of the roots
greater than 0.5 inches in diameter protruding on the root-profile walls were within 12 ft
of the tree (levee side) for all but pecan and sycamore. Pecan required the longest
distance to account for 50% of the roots greater than 0.5 inches counted on the root-
profile wall: 15 ft. Fifty percent of the roots greater than 0.5 inches were within 11 ft of
the tree for baldcypress, slash pine, sugarberry, and water oak (Table 10). Ninety-five
percent of the roots greater than 0.5 inches in diameter were counted on the root-profile
walls within 37.8 ft of pecan trees. Ninety-five percent of the roots greater than 0.5 inch
in diameter were counted on root-profile walls at distances of less than 28 ft for live oak,
tallow, and water oak, and at distance of less than 19 ft for baldcypress, slash pine, and
sugarberry. The paucity in the number of roots greater than 1.5 inches that were
counted on the root-profile walls produced poor fits of the Weibull function to the data
collected for water oak. Half of these roots can be expected within about 13 ft of the
tree. The closest distance where half of the roots in this size class were counted was
slash pine at 9 ft,

Homogenization of levee soils did not really allow a full comparison of soil textures
on root extent. Differences were noted between root extent on the Mississippi River
levee soils and the New Orleans area levee soils, but there was a significant interaction
with root diameter class. Interpretation is limited at best and species compared was
substantially fewer.

Deep Roots

An additional exploration of roots was conducted on abandoned sections of levee
along the Mississippi River to reveal the possibility of deep root presence. Ten trees
representing 5 species were selected. For the selected species, trenches were
excavated to the limit of the mini-excavator used (about 7.5 to 8 ft deep). When roots
were found, some were traced to the limit of the equipment used. At least 20 roots were
encountered in efforts to explore roots below 4 ft in the soil below these trees. The
conclusion is that large diameter roots do exist below the 3 ft depths we measured in
the root-profile walls during the current study. These roots seem to be uncommon, but
the true extent and number are unknown.

Data Gaps and Future Research

The largest deficiency in the study was related to the paucity of roots in the larger
diameter classes (within the 10 ft trench per tree), especially those greater than 1.5
inches in diameter and the ability to document roots at depths exceeding the 3 ft limit
imposed on the study. The number of species included in the study appeared
representative of the dominant species along the New Orleans outfall canals, Live oak,
pecan, and water oak were sampled most frequently. Sugarberry was numerous along
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the levees, bul few were sufficiently isolated to adequately sample roots for an
individual tree.

The report outlines many of the existing data gaps and approaches to gathering
such information. The following additional research is needed:

o Additional root-profile walls for the underrepresented species would
strengthen species comparisons.

» Estimates of maximum radial extent of roots of the various size thresholds
are extremely variable. Increase the number of trees sampled and continue
development of the probability of roots of a given minimum size class that will
extend past a specified distance.

o Compare root extent of pairs of trees, those growing on a typical urban soil
and a twin tree with roots growing into a levee should be made. More root
information outside the levee influence is needed for comparison.

» Three aspects concerning soils effects on root growth need further study for
predicting root behavior near levees: (1) the effect of compaction of
homogenized soils; (2) the effect of homogenization; and (3) the effect of soil
texture.

« Geotechnical tests of the effect of large, deep roots on levee integrity are
needed to determine the actual risks these roots have on levee failure,
especially for trees that die. Construction of a physical model should be
possible to explore the effects of root channels on outfall levees.

» Collect data on deeper roots to complement geotechnical tests and physical
models above. Deeper roots do occur in and under levees.

» Another important question that could not be addressed in this study is how
far a tree must be from the levee toe to avoid a tree falling in high winds and
the root ball destroying the base of the levee.

» Predicting the vulnerability of individual trees to windthrow is extremely
difficult because tree failure is not a function of mechanical properties of
tissue or even individual organs such as stems and branches but a function
of the structure and developmental history of the entire tree. Suggestions for
future investigation are provided in the report. An online database link with
over 5000 tree failure reports and information on data collection guidelines is
provided.
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Documentation and Analysis of Tree Root Extent and Behavior Along and In
Levees and Floodwalls in the New Orleans District

Personnel Introduction

The LSU Agricultural Center, School of Renewable Natural Resources (SRNR)
personnel were responsible for study design, protocol development, primary data
collection, data analysis, and report generation. SRNR personnel included Dr. Jim L.
Chambers, Weaver Brothers Endowed Professor for Excellence in Forestry; Dr.
Thomas J. Dean, Professor of Forestry, Melinda S. Hughes, Senior Research
Associate; Christopher B. Allen, Research Assaciate SRNR; Fugui Wu, Forestry Ph.D,
Candidate; and Steven Wright, Master of Agriculture Candidate SRNR.

JESCO handled the primary contract for the project. Mr. Tom Cousté P.E. of
JESCO provided project management. Additionally, JESCO and GEC assisted in data
collection, provided equipment and advice as needed, provided equipment operators,
handled logistics of sampling and material gathering, and coordinated with the Corps of
Engineers.

Project Introduction

The New Orleans District, U.S. Army Corps of Engineers (MVN) commissioned data
gathering and analyses of tree root extent and behavior to provide empirical data in
support of vegetation management guidelines for Federal and non-Federal levees and
floodwalls. The root study project area was broadly defined as the 1,300 miles of Corps
of Engineers levees in the New Orleans District of southern Louisiana. The study and
data collection focused on tree removal project areas in the metropolitan area including
the New Orleans Lakefront levee, Orleans Avenue Canal levee and floodwall on the
City Park side, the London Avenue Canal, and the 17" Street Canal. Additional
supplementary data were taken on current and abandoned levee reaches along the
Mississippi River in south Louisiana. The root study did not include geotechnical
analyses of tree roots relative to levees and floodwalls.

Investigated Locations

The JESCO Environmental & Geotechnical Services Inc. (JESCO) collected
trenching data in the following areas:

e London Avenue Canal, New Orleans, LA — Sampled sections of the east and
west levees of the London Avenue Canal starting from Robert E. Lee Boulevard
and ending 2500 feet north of Gentilly Boulevard.

¢ QOrleans Canal, New Orleans, LA — Sampled the section from Harrison Avenue to
Robert E. Lee Boulevard on the east levee. Due to the location of Orleans
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Avenue to the west levee of Orleans Canal, the west levee did not have any
acceptable trees for this study:.

« Lakefront Levee, New Orleans, LA — Sampled the north side of the levee al the
section starting at Marconi Drive and ending at the intersection of the Lakefront
Levee and Lakeshore Drive (approx. 1200ft).

» 17" Street Canal, New Orleans, LA — Sampled the section from 10" Street to
40" Street on the east levee. Sampled the section from Pink Street to Violet
Street on the wesl levee. Also sampled the section from Cherry Street to London
Avenue on the west levee.

» Mississippi River levee Sections 5155, 5070, and 4990, Bayou Goula, LA —
Sampled the section from Augusta Street (30° 12" 22"N, 91° 10" 12"W) to Point
Street (30° 14' 29"N, 91° 07" 43"W) near the west levee.

» Mississippi River Levee Section 5595, Cannonburg, LA — Sampled the section
from Cannonburge Street (30° 11' 45"N, 91° 06’ 15"W) to Brou Road (30° 12'
10°N, 91° 04" 11"W) on the wesl levee.

Project Phases and Tasks

e The JESCO Team (JESCO, LSU, and GEC) were involved in data collection
analysis and report production.

Scope of Work
Root study tasks were broken down in three separate phases/tasks.
e Phase or Task 1 — Literature Review
e Phase or Task 2 —-Data Collection Protocol
+ Phase or Task 3— Data Collection and Analysis, Final Report Preparation

The SRNR personnel above conducted a literature review synthesizing the
information found and its potential relevance to root extent and behavior along and in
compacted and disturbed soils, as they occur along and within levee systems in this
study. The literature review included research on root barriers and their potential use
and effectiveness, and it also included the potential for use of remote sensing
techniques in future work. School of Renewable Natural Resources (SRNR) scientists
(Pls) with the LSU AgCenter developed a protocol for root sampling and data collection,
assisted JESCO with data collection, and provided analyses of data on tree root extent
and behavior as outlined below, to support the refinement of vegetation management
guidelines for Federal and non-Federal levees and floodwalls. When beneficial and
feasible to data collection efforts, the documentation efforts took advantage of
information produced during the uprooting and removal of trees from various levees and
floodwalls as part of the ongoing tree removal program. The data were collected by
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selected species, tree size (diameter and height) and include information on soil texture,
soil strength by depth, and other defining parameters.

Phase 1: Literature Review

A literature review of root growth and behavior is provided in two forms: (1) A
synthesis of literature information found and its potential relevance to root extent and
behavior along and in levee and floodwall systems in this study and (2) an Appendix
with an annotated bibliography summarizing relevant and closely related scientific
literature on root extent, and behavior. Both literature reviews also include research on
root barriers and their potential use and effectiveness and the potential for use of
remote sensing techniques in future work.

Phase 2: Data Collection Protocol

The variability of root growth by species, tree size, and environment is extremely
high, and the nature of this project which involves the integrity of levees and floodwalls
for southern Louisiana was particularly sensitive in nature. Consequently, initial work
must be considered a first estimate regarding detailed information about data quality.
This work provides a metric necessary to determine sampling intensities for defined
data quality objectives that can be used for more detailed future study.

Initial work included measurements, with standard sampling procedures, distance,
depth, and distribution of roots along and within levees and floodwalls. Work included a
variety of species and tree sizes. Species included American sycamore, live oak, water
oak, pecan, baldcypress, pine (generally slash pine), sugarberry, Drake elm and
Chinese tallow tree as available Three tree size categories, based on diameter (12 to 19
inches, 20 to 36 inches, and 36 inches and above), were used to ensure collection of
data across a range of stem diameters (tree sizes) as potentially related to root extent
and behavior within species. Investigators took advantage of tree distributions at varying
distances from the toe of levees and floodwalls to provide a composite picture of root
extent by species and size, while protecting the integrity of the existing levees and
floodwalls.

The primary technique for documenting root extent and behavior was root-profile
mapping of trench sidewalls. Measurable dimensions of trenches were a maximum of 3
ft deep and 10 feet in length and ran parallel to levees or floodwalls. Safety of the
trenches to workers was assured by the JESCO and selected safety personnel. Initial
trenches generally began near the toe of the levee depending on the distance from the
tree to the levee toe and access to property. Most trenches began at least 9 ft away
from subject trees between the tree and the levee. Additional trenches were added at
approximately 6 ft intervals until the majority of major roots (larger that 0.5 inches in
diameter) were surpassed. The order of trenching was be determined by safety
procedures. JESCO was responsible for creation of trenches as needed and the
surfacing of trenches for root identification and measurement.
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Phase 3: Data Collection, Data Analysis, and Final Report Preparation.

JESCO and GEC assisted in data collection, provided equipment and advice as
needed, provide equipment operators, handled logistics of sampling and material
gathering, attained permissions for rights of ways. They were initially to have the
primary responsibility of collection of field data (and lo complete a minimum of 80
sample trenches and other requirements set above). Sampling procedures and variation
in conditions of levees as well as many changes in the logistics for sampling and time
tables for work necessitated LSU personnel participate in all field sampling and added
considerably to the overall number of sample trenches (217 trenches). The report
includes drawings, tables, and graphics illustrating tree root extent and behavior related
to levees. Recommendations are included regarding any additional investigation and
documentation needed relevant to tree effects on south Louisiana levees. These
recommendations provide additional data needs. Abandoned Mississippi River levee in
south Louisiana were used to provide some of the information regarding the presence of
deep roots (roots at depths greater than 3 ft.)

Coordination of Activities with Root and Trees Removal Contractors.

Observational information was obtained from the ongoing Corp root removal
program when timing and logistics worked out with Corp contractors. Lack of quality
control, time, and logistical constraints did not allow data to be collected with the
ongoing root removal program. Observational information was collected from trenches
near stumps of cut trees and from standing trees to be cut in proximity to levee toe.

Data from Overturned Trees

Data on the size of holes created by trees blown over during a storm is commonly
obtained from tip-up mounds created during a storm. However, such trees had been
removed before the project started and could not be sampled. In lieu of this opportunity
and where feasible, we had hoped to work with Corp contractors removing trees from
levee right-of-way or Lakefront areas to pull over mature trees being removed after
measuring their diameter and height. Contractor schedule, contracts and the methods
used in tree removal by contractors did not allow the collection of this type of data.
Report includes information on database available for tree failure data and suggested
measurements for predicting cutcome from future storms.
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Submittables and Period of Performance

The deliverables below with the initial projected timelines were established before
the project was initiated. Modifications to the initial schedule were negotiated as
logistics necessitated,

a. Preliminary Report (Phase or Task 1).

The initial annotated bibliography will be submitted four weeks after contract is
executed for School of Renewable Natural Resources (SRNR) portion of work. The bulk
of the literature was included in this submission, however literature searches continued
throughout the data collection and analysis period. Additional pertinent literature
gathered after this date was included in the interim and final reports and used in the
discussion of results.

b. Preliminary Report (Phase or Task 2).

An updated annotated bibliography and standard operating procedures describing
field data collection procedures, preliminary data analysis, and evaluation of field
techniques was provided approximately 8 weeks after contract was executed for the
SRNR portion of the work.

c. Comprehensive Study Report (Phases or Tasks 1-3).

An updated annotated bibliography, full literature review with synthesis of all
information found, and a comprehensive draft report of the full project, including data
tables, figures was provided. Government review and revision followed, At least 2
weeks will be necessary for revisions after Government comments are received by
SRNR Pls.

NOTE: No geotechnical evaluation was performed in relation to tree roots.
Estimated Timeline (April 6, 2007 through July 28, 2007, see details on next page)
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The following report describes each phase or task of the root study in detail.
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Phase |

Literature Synthesis on Root Extent and Root Behavior

Introduction

The subject of tree root extent and behavior is a subject of great interest and
discussion in the forestry and urban forest scientific communities, but is much less
studied than the above-ground growth and behavior of trees. The hidden nature of roots
and the difficulty of access and measurement cause the study of root extent and
behavior to lag behind the study of the above-ground portions of trees. Even though
roots provide trees critical access to water and nutrients, and roots provide anchorage
even in severe environmental landscapes (e.g. steep slopes, hurricane force winds and
permanently flooded soils) their study continues to pale against the study of above-
ground aspects of tree growth. Much of the scientific literature on tree root extent and
behavior involves destructive sampling of roots and often involves removal of trees
themselves. This literature synthesis and the accompanying annotated bibliography
provide a broad perspective on the subject of tree root extent and root behavior.

The focus of this literature review is to provide a cross section of the scientific
literature on tree-root extent and behavior from a variety of perspectives that relate
directly or indirectly to understanding the potential maximum extent of tree roots and
how tree root behavior is affected by species, tree size, and in different solil
environments. In addition, the synthesis explores literature topics relevant to how tree
roots might behave in levees and along outfall canals. The literature review also covers
some aspects of remote sensing and measurement of roots and documents literature
on the effectiveness of root barriers in preventing root growth into unwanted areas. This
review contains information primarily from scientific reviews and refereed journal papers
from research studies. In addition to the scientific works, some technical notes,
proceedings, and other works are reviewed that add to the body of literature on related
topics or that may be relevant to levees per se.

Maximum Extent and Depth of Roots

Jackson et al. (1996) provided a review of root distributions and root depth in
terrestrial biomes. They concluded that desert and temperate forests had the deepest
root profiles with 50% of their roots in the upper 12 inches (30 cm) of the soil profiles.
Maximum root depth has often been ignored in studies of tree root systems. Stone and
Kalisz (1991), in a review of maximum extent of tree roots, blame the lack of good
maximum root depth data on several factors. They indicate that early research on tree
roots was often concentrated on soils with shallow profiles and mechanical or other
barriers to root penetration. This early literature gave the impression that roots were
restricted near the soil surface. Since surface soils often contained higher
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concentrations of nutrients and are the entry point of water, research has been
concentrated on roots near the surface. According to Stone and Kalisz, near-surface
fine-root production has led researchers to concentrate on surface root absorption of
both water and minerals, even though there is growing evidence that deeper roots are
important for water uptake and in some cases for nutrient uptake. The majority of the
literature on root extent and behavior does not provide data on, or even sample for,
maximum tree root depth (Schenk and Jackson, 2005). Schenk and Jackson estimate
that less than 10% of the research papers on roots present information on maximum
root depth. Sampling for maximum depth is hindered by the high cost in time and money
for exploration, and for destruction and safety considerations as well.

A number of recent reviews have presented summaries of the maximum lateral and
vertical extent of tree roots (Stone and Kalisz 1991, Schenk and Jackson 2005,
Canadell et al. 1996). Hermann (1977) reviewed the literature related to root types and
root behavior with respect to soil environment and species. Reports of maximum root
depths and radial extent have varied considerably from species to species and site to
site. Contrasts of maximum root depths or radial extent among species are not
appropriate for the diversity of conditions reported, however, reports of deep and long
roots are numerous in the literature. Canadell et al. (1996) summarized observations on
over 250 plants species. More than 190 had roots exceeding depths of 6.5 ft (2 m) and
some with roots exceeding 65.6 ft (20 m). Several deep-rooted species include
temperate forest species with root depths exceeding 14 .4 ft (4.4 m) for deciduous
species and 24.6 ft (7.5 m) for coniferous species. Heyward (1933) reported a root
depth of 14 ft for a longleaf pine (Pinus palustris) that was 54-ft tall and only 17 inches
in diameter. A lateral root of this tree, growing within a few inches of the surface,
reached 71.5 ft in length before taking a vertical angle and extending an additional 3.5
ft. Lateral roots were commonly 1 inch in diameter at a distance of 12 to 15 ft. from the
tree. Day (1944) reported aspen root lengths in 18-year-old trees of 47 ft and vertical
lengths of 7.5 ft. Even 8-year-old trees had lateral roots reaching 30 ft. Kochenderfer
(1973) presented road-cut and strip-mine root profile information on several forest types
in West Virginia. The oak-hickory type produced the deepest roots at 13.1 ft (4 m).
Jackson et al. (1999) found many tree roots on the Edwards plateau in central Texas
reached depths of 16.4 ft to 213.2 ft (5 to 65 m). Plateau Oak (Quercus fusiformis) and
ash Juniper (Juniperus ashei) produced the deepest roots in the Edward plateau area.
Watson et al. (1999) explored the root properties of radiata or Monterey pine (Pinus
radiata) and found maximum root depth of 10.1 ft (3.1 m) and radial extent of 32.8 ft
(10.0 m). Both of these values were greater than reported by Stone and Kalisz (1991,
see below). Millikin and Bledsoe (1999) presented excavation data on blue oak
(Quercus douglasii) in the northern Sierra Nevada foothills. They noted the lateral extent
of woody roots was highly plastic depending on growing conditions in the soil
environment, however, they also found distance from the tree did not significantly affect
fine root biomass. Falkiner et al. (2006) noticed roots of Eucalyptus and spotted gum
(Corymbia) reaching depths of 5.2 ft to 6.5 ft (1.6 to 2.0 m) even in degraded saline soils
of southeastern Australia. Gifford (1966) explored aspen root systems in Utah. In trees
sampled, he found maximum root depths of 9.5 ft and a maximum root spread of 27 ft.
However, the majority of roots in these trees occurred above a 4-ft depth. Brown and
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Woods (1968) used radioiodine to approximate the distance of lateral roots from trees of
a wide variety of species growing in forest environments. They found maximum
distances of uptake (root length) ranged from 31.8 ft for dogwood to 33.3 ft for red
cedar, Maximum distances for the white-oak group was 38.1 ft: for the black-oak group
the distance was 11.7 ft. Maximum distance for hickory was 31.6 fi.

Stone and Kalisz (1991) surveyed the literature for indications of maximum vertical
and lateral rooting extent. Their work was based on actual reports, communications,
and their own observations of root extent. In some cases measurements of soil water
changes were used to deduce maximum root extent. They omitted typical or average
depths whenever actual maximums were provided and they omitted commonplace
values of less than 4.9 ft (1.5 m) for depth and 22.9 ft (7 m) for radial extent. Stone and
Kalisz suggested that the largest values they report for a species are probably near the
maximum, but that the smallest values were not likely the actual maximum values. They
present tables summarizing the maximum root extent for 49 families, 96 genera, and
211 species of trees. From their work we know that even relatively young trees can
have extensive root systems (e.q., slash pine (Pinus elliottii) at age 5 with radial root
extent of 32 ft, and 4-year-old radiate or Monterey pine (Pinus radiate) with a root depth
of 8.5 ft). They reported results for several tree species common to the New Orleans
area (none of the original data were from Louisiana) with the maximum root depths and
greatest radial root lengths, respectively, as follows: slash pine (Pinus elliottii): 15 ft (4.6
m) and 59 ft (18.0 m); live oak (Quercus virginiana): radial length of 100 ft (30.5 m);
pecan (Carya illinoinensis): greater than 9.8 ft (3.0 m) and greater than 32.8 ft (10 m);
cottonwood (Platanus occidentalis): 6.8 ft (2.1 m) and 49.2 ft (15.0 m); and hackberry
(Celtis occidentalis): 8.2 ft (2.5 m) and 41.3 ft (12.6 m).

Danjon et al. (1999a) found a strong relationship between stem straightness
(ranked from 0 to 20) and large-root depth. They cited results from Auberlinder (1982)
indicating a similar relationship for maritime pine. In that study, unstable trees had more
shallow root systems with vertical roots averaging 20% of the total cross-sectional area,
while more stable trees had nearly 40% of the total root cross-sectional area in deep
roots.

Again, maximum root depth is not measured in most studies of tree roots and even
radial extension measurements are limited by sample size, resource logistics, and
apparent, rather than actual root extent. From the literature surveyed, root extent
investigations into levees are even more restricted. Questions of potential root channels
or piping produced by decaying roots, highlights the need for more in-depth
investigation of root extent and root behavior near and in these levee systems.

Species and Tree Size

As Hermann (1977) emphasized, a review of tree root extent and root behavior
covers an enormous range of site conditions, climates, and other influencing factors.
Root growth of a species varies widely across sites; therefore, species comparisons are
probably not wise except under reasonably controlled conditions. While values for
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various species are important, it is also important to realize that local conditions of root
environment probably play more of a role in maximum rooting extent than species. Even
so, some comparison is useful. Information from specific studies generally compare
species growing on the same general soil conditions, however, keep in mind that roots
can be influenced by small changes in microenvironment, especially changes in root
penetration resistance (e.g. soil crack, fractures, nutrition, changes in density, and
anoxic conditions among others). Hermann's 1977 review cited a number of papers
which concluded that differences in root behavior, root form, and extent within species
were high and that the differences were often related to site differences or, in some
cases, genetic differences. Specific studies exploring the causes for the differences in
root growth within species are rare . Most references reporting causes of species
differences seem to be based more on supposition than evidence.

Sitka spruce lateral root development that took place within the first 8 years
determined the structural root system of the trees at 34 years of age (Coutts and Lewis
1983). Larger roots and some minor roots survived across this time frame. Lateral roots
of both lodgepole pine and Sitka spruce were often plagiogravitropic and grew upwards
until they were signaled to level-off or grow downward. Thus, the roots tended to remain
in the nutrient rich surface soils (Coutts and Nicoll 1991).

Drexhage et al. (1999) characterized the sessile oak (Quercus petraea) root system
of 20- and 28-year-old trees as a “heart-sinker” root system. This root morphology has
horizontal lateral roots and a taproot with both vertical and oblique roots. Oblique roots
characterize this type of system. Some horizontal roots change to oblique roots away
from the oaks and some oblique roots become vertical. Once direction changed
individual roots tended to maintain the same direction. The authors indicated a strong
relationship between root architecture and stem diameter at breast height (4.5 fi, DBH),
and between DBH and the amount of biomass allocated to the surface root system.
Danjon et al. (1999b) digitized root systems of sessile oak (Quercus petraea) and
maritime pine (Pinus pinaster). The oak had a stronger more oblique and vertical root
system than the pine. Fleischer et al. (2006) compared root distribution of Norway
spruce (Picea abies) and European beech (Fagus sylvatica). They performed a two-
dimensional analysis with depth and noted a stronger clustering of roots in small
clusters for spruce and a weaker clustering of large cluster regions in beech. Beech
roots tended to avoid overlap. In a study of tropical tree species, Crook et al. (1997)
suggested that only buttressed trees produced sinker roots and normally tapered trees
produced more lateral roots. Roots of buttressed trees were not round, but instead up to
eight times thicker than wide in cross section. McElrone et al. (2004) noted an important
relationship between average tree xylem vessel diameter and individual root depth in
each of four tree species. Individual root depths were highly positively correlated with
average root xylem vessel diameter.

Le Goff and Ottorini (2001) noted a high correlation between tree diameter and root
biomass in European beech (Fagus sylvatica). Regression equations accounted for
99% of the variation in coarse and fine root biomass. Bolte et al. (2004) studied root
systems in mixed Norway spruce (Picea abies) and European beech (Fagus sylvatica)
stands in northwest Germany. They sampled trees from a number of areas and across
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a range of tree diameters: from 6.2 to 28.9 inches (16 to 74 cm) for spruce and from 1.6
to 20.7 inches (4 to 53 cm) for beech. Using regression models of the relationship, they
revealed what appeared to be strong positive relationships between tree diameter and
the coarse-root biomass of the trees. The R? (variation accounted for by the models)
was very high in spruce (0.92) and in beech (0.94). However, the root: shoot ratios
were 1.2 to 3 times higher in spruce than in beech,

According to Hermann (1977) the most apparent changes with age are the
proportion of long and short roots. Several other authors have mentioned changes in
root development with age, but it is often associated with different sized trees within the
same stands or from stands of different ages on different sites, so differences could be
just as easily related to differences in size or in environment. In the review by Hermann
(1977) root growth changes were contrasted among species across ages, but Hermann
noted that comparisons among species were not meaningful at the level of available
data. He did, however, make a number of comparisons and indicated that changes in
root development, rooting depth, and root type changed in species over time. Age of
change differed widely with species. McMinn (1963) studied the root systems of 28
Douglas fir (Pseudotsuga menziesii) in four stands of varying slopes and soils
conditions. These trees varied in age from 10 to 55 years. They reported that total
length of the root systems increased with age and crown size. They also found that root
length and complexity of root branching increased from suppressed to intermediate and
again to dominate crown class occupants for trees of the same age-class.

Root growth of tree species may also be affected by competition from adjacent
trees of different species. Work by Schmid and Kazda (2001) found that in monospecific
stands of beech and spruce, the roots of each species exceeded the maximum
measurement depth of 3.2 ft (1 m). However, in mixed stands of the two species, large
spruce roots failed to exceed 3.9 inches (10 cm) in depth. Radial root growth of beech
exceeded that of spruce in both mixed and pure stands.

Soils and the Soil Environment

Soil--root interactions are mentioned frequently in the literature, but few, if any,
papers actually compare root behavior and extent in treatment-based studies of soil
texture. Instead most reports compare general or measured characteristics on soils
across different forest types, climate, and stand age. These comparisons do not provide
direct information on the actual differences and their causes.

Coutts (2004) explored tree roots in relation to slope stability in stressed
environments. He emphasized that soil--root interactions are very important, and
although tree roots may anchor a species well on one soil, the same tree species may
fail on other soils. Authors often restrict studies and thus statements related to tree root
growth to specific soils. For example, Di lorio et al. (2005) concluded that on sloping
sites with clayey soils, root symmetry was influenced by several additional
environmental factors, including soil compaction. They cautioned that root growth
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extent, behavior, and mechanical strength are highly dependent on soil type, but did not
provide any evidence of the differences in effects among soil types.

Falkiner et al. (2006) reported differences in deep rooting behavior of two species
on contrasting soils near the capillary fringe of the water table. Spotted gum (Corymbia
maculate) and rose gum (Eucalyptus grandis) roots behaved differently, with rose gum
showing an increased root volume as the roots approached the capillary fringe near 5.2
to 6.5 ft (1.6 to 2.0 m) on both sandy and clayey soils. However roots of rose gum were
found to increase in numbers and root length density in the deep soil layers. On the site
with sandy soils with low salinities, the greatest root length density (L) and greatest
number of roots in the lower soils horizons occurred at the maximum measurement
depth. However, on the clayey, higher salinity soil, L, and root numbers declined again
just above the capillary fringe. The authors indicated rose gum is sensitive to salinity,
but that high clay content may have played a role in root numbers and growth.
Differences in rooting in the capillary zone just above the water table paralleled water
uptake in this zone. In West Virginia, roots of the oak-hickory forest type were found at
depths greater than other forest types studied. In the Gilpin solls, roots were found as
deep as 13.1 ft (4 m). In the Ernest soils, number of roots increased in blue-grey clay
soll layers (Kochenderfer 1973). In these forests, greater numbers of roots were found
in lighter textured soils at shallow depths; however, numbers of large roots actually
increased in blue-grey clays or the fractured portion of white silty layers of the Ernest
and Gilpin soils. Kochenderfer found the existence of root channels in these soils and
some of the root channels had finer roots growing within them.

Soil water content and soil water movement are affected by hydraulic lift (movement
of water upward from deeper soil zones through tree roots and out into shallow soil
layers) and hydraulic redistribution (both downward and upper movement of soil water)
by the tree roots of some species. Brookes et al. (2002) found ponderosa pine (Pinus
ponderosa) trees were capable of hydraulic redistribution from a depth of more than 6.5
ft (2 m) during relatively dry periods. Both ponderosa pine and Douglas-fir had large
sinker roots and were able to provide hydraulic lift Burgess et al. (1998) were able to
demonstrate hydraulic redistribution in species of silk oak (Grevillea) and Eucalypus.
Burgess et al. (2000) demonstrated reversible water flow in roots of banksia (Banksia
prianotes) and water exudations from roots. These findings strongly support tree root
redistribution of water in soils. Burgess and Bleby (2006) suggest that the hydraulic
redistribution they found in several Australian tree species may support tree root growth
in soil zones that would normally be dry during dry periods. Hydraulic redistribution may
be important in supporting tree root growth within levees. The steeper slopes and
exposure to sun reduce wetting during rains and decrease moisture during sunny
periods. Jackson et al. (1999) used DNA sequence variation to identify the roots of
various tree species with deep roots penetrating into cave ceilings on the Edwards
plateau of central Texas. They found tree roots penetrating to depths of 16.4 to 213.2 ft
(5 to 65 m). They suggested that these deep-rooted tree species could supply water to
surface soil regions that would assist in other plant species survival under otherwise dry
conditions. Caldwell et al. (1998) summarized evidence for hydraulic lift and suggested
that it may occur in many species.
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McKee (2001) looked at root proliferation within old root channels in Mangroves on
peaty soils. She used artificial tubes placed in these soils to simulate different soil
conditions. She found roots proliferated when they found tubes with higher nutrient
levels, suggesting that new roots entering old root channels proliferate to take
advantage of the increased nutrient supply. When tubes were invaded with roots, those
with higher nutrient levels produced 6 times more roots than empty tubes or tubes with
sand. McMinn (1963) reported hollow root channels from decayed roots under Douglas
fir (Pseudotsuga menziesii) 40 to 50 years of age. These root channels had younger
roots growing in them.

Schenk and Jackson (2005) used data sets from around the world to map and
predict the presence of deep roots. Trees were 4 to 6 times more likely than other plants
to develop deep roots. Schenk and Jackson defined deep rooted plants as those with at
least 5% of their root system at depths of 6.5 ft (2 m) or more. The likelihood of plants
having deep roots was greatest for those in fine and coarse textured soils (but not
medium-textured soils).

According to Drexhage et al. (1999), root system architecture is often determined by
tree size (diameter) when soil properties are unrestrictive. Nicoll et al. (2006b) assessed
the effects of species, rooting depth, and soil on the overturning resistance of trees.
Their results indicate an interaction between rooting depth and soil types regarding
degree of anchorage within tree species. The data set was most complete for sitka
spruce (Picea sifchensis). Deeply rooted Sitka spruce was anchored best on free-
draining mineral soils and on gleyed mineral soils. For medium-rooted trees, gleyed and
peaty mineral soils were best. For shallow-rooted trees, deep peats had the best
anchored trees. For other species, soll group combinations differed, but for the same
rooting depth, other species had lower anchorage than Sitka spruce. Results revealed
three-way interactions among species, soil group, and rooting depth for other species.
Dupuy et al. (2005a) used a simulation program to evaluate the response of different
root system types lo soils of various physical properties. The results indicated that
heart- and tap-root system types would provide the best tree anchorage on all soils, but
that the heart-root system was best on clay type soils and the tap-root system was
better for sandy type soils. Their simulation also predicted herringbone- and plate-root
systems would have only half the resistance to overturning than the two previous root
types. General density functions have been used by Dupuy et al. (2005b) in conjunction
with mathematical representations of root systems to test models relative to actual root
system characteristics for 50-year-old maritime pine (Pinus pinaster) trees. Tests
against 2-D maps confirmed the ability of general density functions for constructing
models of tree root architecture in the pines. According to the Dupuy et al. this method
will allow local morphological characterization within a given soil volume.

Wind Effects on Root Growth and Uprooting of Trees

Strong winds and prevailing wind direction must be countered by tree adaptations
that protect the integrity of the tree in these environments. Studies of the effects of wind
on tree and root growth are often conducted in areas with high winds, such as coastal
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areas or hilly and mountainous areas. Uprooting of trees and resistance to uprooting are
important where trees are allowed to grow on or near levee systems. Therefore, much
of the information derived in wind related studies has potential application to evaluating
lree placement along levee systems.

Schaetzl et al.(1990) reported a positive correlation between tree diameter and area
of soll disturbance around overturned trees. The initial sizes of pits formed during
uprooting were related to tree size and rooting habit. Root depth also increased with
tree size up to 40 inches DBH. Stokes et al. (1997) manually flexed tree stems to induce
changes in root system characteristics similar to wind induced changes. They noted
flexing led to significant increases in coarse root mass and the coarse-root-to-fine-root
ratio. Mean root cross-sectional diameter of the flexed tree roots also increased, with
the diameter of lateral roots increasing more in the vertical than the horizontal direction.
Stokes (1999) studied 5-, 13-, and 17-year-old maritime pine (Pinus pinaster) tree
anchorage and found the reason for tree failure (breakage or overturning) changed with
tree age and size. He found tree anchorage strength increased by the third power of
the diameter (DBH). He found that strength of the root also changed with wind flexing of
the root system. Resistance to stem breakage was related to the third power of the
diameter, while resistance to uprooting appeared related to the square of the diameter,
Therefore the relative strength of the root system becomes weaker as the strength of
the stem increases.

Crook and Ennos (1996) winched >16-year-old larch (Larix europea x japonica)
trees to evaluate root breakage and mechanical failure. In 15 of 17 trees winched from
the ground, leeward laterals (those growing in the direction of winching) tended to be
pushed into the soil and eventually broke. Windward laterals (those growing away from
the winching direction) tended to pull out of the soil with sinker roots attached. Strain
measurements showed that stress increased toward the tree base. Stokes and
Mattheck (1996) suggested that trees with greater branching near the stem base, and
those with large, stiff taproots, dissipate forces more quickly and need less developed
lateral root systems. Crook and Ennos (1996) concluded that trees with leeward lateral
roots are more resistant to bending and those with windward sinkers or taproots have
greater anchorage strength. Crook et al (1997) compared anchorage and potential for
windthrow in two buttressed and one unbuttressed tree species. They found the
buttressed species had sinker roots, but both types had taproots. Anchorage strength of
the buttressed species was almost twice that of the unbuttressed species. Strains along
buttressed trees were higher than along the laterals of unbuttressed trees. Crook and
Ennos (1998) tested 35 Mallotus wrayi (no common name) trees varying in diameter
from 1.6 to 5.6 inches (4.2 to 14.3 cm) at DBH. They found that anchorage varied by
tree diameter, but the variation was not straightforward. Small diameter trees, those less
than 2.3 inches (6 cm) in DBH bent, but the roots did not break during winching. Mid-
sized tree failed by tree trunk breakage, while large diameter trees failed by root
breakage, because the root strength was less than the stem strength. The relationship
of anchorage and failure varies by both species and stem size.

Forces causing windthrow, and resistances to it were measured by Coutts (1983).
Coutts evaluated the forces and resistances by applying lateral force to stems of sitka

@D :1VIRONMENTAL Phase |, Page 21

& GRotechog Lavep ne



.S ARMY CORPS OF ENGINEERS NEW ORLEANS DISTRICT
Tree Root Study Along Levees and Floodwalls
W912P8-07-D-0040, Task 0002/Final Report

spruce (Picea sitchensis). On the leeward side of trees, the root-soil plate acted as a
cantilevered beam which determined the distance of fulcrum from the tree. Under
increasing load, failure of some portion of the root-soil plate occurred before the
maximum force for uprooting was reached. Stability of the root system was linked
directly to the mass of the soil-root plate, tensile strength of the roots, soil on the
windward side of the tree, and stiffness of the hinge at the fulcrum on the leeward side
of the tree. Danjon et al. (2005) studied wind effects on maritime pine (Pinus pinaster).
They noted that trees with preferential root volume allocation underwent less damage
from high winds. Danjon et al also sampled both undamaged and uprooted trees after a
storm and compared preferential root volume production relative to prevailing winds.
Trees averaged 65.6 ft (20 m) tall and 14.9 in (38 cm) in diameter. Soils were humus-
rich spodosols. Roots greater than 0.38 in (1 cm) were 3-D mapped with a digitizer.
Trees that were subject to windthrow had less volume of roots in a confined “root cage.”
Those roots were shallower (less volume with depth), had a larger proportion of oblique
and medium-depth horizontal roots, and had fewer roots in the wind-oriented direction.
Roots in wind-firm trees had a 25% increase in roots in the leeward zone of rapid taper
with increased sinkers, they also had a 30% increase in surface laterals in the windward
direction. Wind reduced roots perpendicular to the direction of the wind. Root systems
adapted over time relative to wind exposure (Nicoll and Ray 1996). Nicoll and Ray
studied the root-plate dimensions and structural characteristics of 46-year-old Sitka
spruce trees growing on a site restricted by a shallow water table. They found the trees
had adapted to prevailing winds as the trees moved in the shallow soils. More structural
roots were formed on the leeward side of the trees and root system spread was
negatively related to the soil-root plate thickness. Coutts (2004) noted that trees growing
on slopes are also more resistant to windthrow than trees on flat terrain. He pointed out
that overturning, however, is often a critical factor in slope instability (see Slope
effects),

Putz et al. (1983) used stepwise discriminant analysis to evaluate the effects of
various properties on 310 fallen trees on Barro Colorado Island in Panama. Of the
variables measured they found that wood strength was the most important factor in
determining the type of wind impact. Of the 310 fallen trees: 70% snapped off, 25%
were uprooted, and 5% broke off below the ground level, however, the relationship was
highly variable such that wood strength could not predict the failure mode of these trees.
Stokes and Mattheck (1996) evaluated seven species of trees for root strength
characteristics. They found root strength decreased at different rates along roots of
different taper. Roots that tapered slowly with distance were relatively stronger than
those with rapid taper. Those with slight taper were stronger for longer distances than
those with rapid taper. The point of maximum strength is at a distance from the tree
corresponding to tree sway from wind movement and the associated maximum root
flexing. Stokes and Mattheck (1996) found that the high level of root branching near the
stem in heart and tap-root systems led to more rapid dissipation of forces nearer the
stem, therefore an investment in production of longer laterals was unnecessary in these
species. This may partially explain some of the discrepancies in root properties related
to windthrow in different species.
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Wind tunnel treatment of seedlings of sitka spruce (Picea sitchenses) and European
larch (Larix decidua) were conducted by Stokes et al. (1995) to detect the effects of
wind on root development. Seedlings were used since lateral roots in the early
development set the nature of root systems long before maturity. The seedlings were
exposed to intermittent wind for 30 weeks from seed. Both shoot and root growth was
found to be deflected away from the direction of wind. The side of the seedlings away
from the wind produced more plant material. More roots were found in both the
windward and leeward sides of the seedlings, with fewer roots perpendicular to the
windward direction. In a somewhat similar experiment, Tamasi et al. (2005) subjected
seedlings of English oak (Quercus robur) to periodic artificial wind for seven months in a
sandy, podzolic soil. They then excavated and constructed a 3-D map of the root
systems. Seedlings subjected to wind grew more roots and those roots were nearly
twice as long as those in no-wind control plots. However, the total root volumes were
not significantly different in wind treated versus control seedlings. This same
relationship was reported in larger trees by several other investigators for wind- and
slope-affected tree root systems. Windward roots were more numerous and longer than
leeward roots.

Stathers et al. (1994) produced a handbook on windthrow of trees addressing forest
and open grown frees. The handbook covers what is known about windthrow
susceptibility based on general characteristics of tree structure, soil conditions, and
existing environments. The guide provides a number of illustrations of relative
susceptibility to windthrow based on tree size, crown and root characteristics, and
surrounding elements of the environment.

Slope Effects

The topic of root systems of trees growing on slopes has received some attention in
recent years. Most of that attention has been related to the ability of tree roots to
stabilize soils and prevent or reduce landslides. Some attention has been given to how
rooting affects the tree's ability to remain upright under severe conditions. All of this
information may be useful in understanding how the roots of trees growing on levees
and close to levee toes may respond to levee structure. It may also provide insight into
the potential effect tree roots have on the structural integrity of levees.

A study of Douglas-fir root systems across a variety of ages (10, 25, 40, and 55
years) on sloping soils revealed differences in symmetry upslope and down slope from
the trees (McMinn 1963). McMinn found down-slope roots were fewer in number and
descended rapidly, ending abruptly in deeper soils. The upslope roots were more
numerous and traversed great distances while maintaining a positive upslope angle.
Coutts (2004) summarized much of the available literature on tree effects on sloping
soils and their integrity. The study covered many aspects of tree roots, including
architecture, topology, tensile strength, soils, and hydrological interactions on sloping
sites. A "Slopes Decision Support System" was developed for use in assessing and
using trees to rectify slope instability problems. Coutts cautioned that trees tolerant to
one type of stress might be susceptible to other types of stress. Coutts generalized that
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trees with wide-spreading, deep root systems tend to resist windthrow the best;
however, he also noted that well-anchored species on one soil may be less so on other
soils. He also warned that although tree root systems tend to bind soil together reducing
the chance of erosion and landslides, trees are also subject to overturning and,
therefore, can have negative effecls; these effects are often critical factors in landslides
(and presumably, it may follow that overturning trees may exacerbate the loss of levee
integrity).

Di lorio et al. (2005) investigated the root architecture of pubescent oak (Quercus
pubescens) growing on sloping soils. They compared cross-sectional root area and root
volume and found root volume to be more suitable for assessing root bending and root
taper. The degree of slope affected root volume of different orders of root branching.
Trees on sloping soils tended to have a clustering of first- and second-order roots in the
upslope direction. When slopes were very steep, even the taproot was positively
correlated to the magnitude of the first-order root symmetry. This adaptive growth
improved tree stability on steep slopes by counteracting the turning moment induced by
self-loading forces under these conditions. Nicoll et al. (2006a) evaluated the root
system architecture of 40-year-old Sitka spruce trees (Picea sitchenis) growing on
horizontal and sloping (26°) sites in western Scotland. Trees growing on sloping sites
had asymmetric roots with the majority of the root system mass oriented towards
prevailing wind and upslope. The largest areas devoid of roots were downslope. Trees
on horizontal sites had symmetric root distribution with no significant clustering. Nicoll et
al. (2006a) point out the conflicts in the literature on root orientation with respect to
slopes. On shallow sloping soils some studies have reported the opposite trends, where
the majority of roots appear on the leeward sides of stems. Some interaction between
wind and slope is likely.

Nicoll et al. (2006b) performed a meta-analysis on the relationships root anchorage
to species, soll groups, and root depth classes on several conifer species in the British
Isles. Grand fir (Abies grandis) was the best anchored on deep, well-drained mineral
soils; however, Sitka spruce (Picea sitchensis) was much better anchored than
lodgepole pine (Pinus cortorta), the only other species found on deep, peaty soils. Most
species were shallow rooted on gleyed, mineral soils, but grand fir had the poorest
anchorage. They indicated that prevailing winds and wind speeds interact with other
properties to increase root anchorage.

Nilaweera and Nutalaya (1999) evaluated the effects of root diameters, root length,
and root volumes on tensile strength and pull-out resistance for trees relative to soil
stabilization in mountainous areas of Thailand. Root tensile strength was found to
decrease with increasing root diameter, while pull-out resistance increased with
increasing length and rooting depth. Root volume was not closely related to either,
because length and diameter relationships varied with volume. Actual pull-out
resistance was affected by a combination of root-related factors and was not solely
related to root depth. For instance, white thingan (Hopea odorata), largeleaf
rosemallow (Hibiscus manrophyllus), Yang tree (Dipterocarpus alatus), and weeping fig
(Ficus benjamina) had mean root depths of 30.4, 25.7, 21.4, and 16.4 inches (78, 66,

@D envRONVENTAL Phase |, Page 24

Geotechnool Sevioet ing



U.S ARMY CORPS OF ENGINEERS NEW ORLEANS DISTRICT
Tree Root Study Along Levees and Floodwalls
W912P8-07-D-0040, Task 0002/Final Report

55, and 42 cm), respectively, but pull-out forces were 1.9, 4.0, 1.8, and 4.6 kN,
respectively. Both root length and the number of roots were important.

Watson et al. (1999) measured the effects of deforestation-related root decay on the
stability of slopes. They indicated that some literature shows inadequate root
reinforcement of soil stability for up to 6 years following harvest. They chose sites in
New Zealand that had been cleared of the original forest for pasture but were then
converted to plantations of Monterey pine (Pinus radiata) and knauka (Kunzea
ericoides). Both species are deep rooted (10.1 ft and 7.2 ft, respectively), some to 32.8
ft, and have extensive root systems (radial extent averaging 29.5 ft and 11.8 ft,
respectively). Soil stability after clearfelling was related to the rate of live root loss and
the decrease in root strength. The root strength of kanuka actually increased during the
first year after tree harvest before beginning to decline, while the root strength of radiata
pine began to decrease almost immediately. Therefore, slopes growing under radiata
pine were more rapidly susceptible to failure. Recovery rate was therefore delayed even
after new radiata pine trees were planted. Species-site interactions are important.
Zeimer (1981) evaluated root decay after harvesting in the Pacific Rim. Zeimer
concluded that forest harvest and the resulting root decay left slopes susceptible to
failure. Studied forests contained only one-third of the original root biomass just 3 years
after harvest. He suggested that little information existed on the rates of root decay
among species and how this was affected by trees size and growing conditions. Zeimer
reported that seven years after harvest, nearly all roots less than 0.1 inches (2 mm)
diameter were missing and only 30% of those less than 0.7 inches (17 mm) were still
present.

Levees and Tree Roots

The policies regarding levee upkeep and security in south Louisiana and most other
places in the U.S. often lead to exclusion of trees from the levee proper. The reasons
given for excluding trees from levees are many, but include (1) provisions for ready,
unobstructed inspection, (2) the unrestricted access and ability to make repairs at
critical times, (3) the potential impacts of overturned trees on levee stability, and (4) the
potential of piping or root channel development caused by decay of large tree roots.
Although studies of trees and tree root effects on levees have undoubtedly been done
(at least informally), the scientific, peer-review literature is almost devoid of such
papers. A few papers from the "grey" literature (not peer reviewed) are included here,
but they are much more difficult to locate and evaluate.

One of the major objectives of this literature synthesis was to explore literature
topics relevant to how tree roots might behave in levees and along outfall canals. The
subjects covered earlier in this synthesis provide information that is useful in
understanding the behavior of roots and root extent under conditions somewhat similar
to that which exists on levees, but there could be significant differences. Trees growing
on levees probably respond in a very similar manner to the root behavior discussed
previously, however, trees growing at the levee toe have somewhat different
environments and potential responses (than those growing on levees). At least two
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different situations exist for trees growing near the toe of levees, First, those trees that
were in place at the time of levee construction may have had existing roots in the area
of levee construction (initial roots below the levee proper) and knowledge of what
happens to those roots over time is severely lacking. Second, trees that were planted in
or invaded the area below the toe of the levee after levee construction (no initial roots
below the levee proper) may respond differently than trees planted on or occurring
naturally on slopes. Roots of trees growing adjacent to slopes have not been widely
studied (this may be a fruitful area of exploration, helpful in understanding tree root
behavior in levees).

One study of the root effects on levees along the Sacramento River in California
(REMRa) included an evaluation of five tree species and associated shrubs (Gray et al.
1991). Trenching under the canopy of trees and mapping of the root systems allowed
analysis of measured root traits. Roots of valley oak (Quercus lobata) and shrub willow
(Salix hendsiana) dominated the root area index (RAR) in the root zone from 4 to 12
inches deep. Elderberry (Sambucus mexicana) had the highest RAR at 28 inches, but
the oaks and willows generally dominated the root zone as a whole. Dead oaks existed
on the levees and even ten years after their death these trees still had tap roots at 4.6 ft
(1.4 m) deep, and lateral roots less than 0.33 ft (0.1 m) deep still existed. All areas
containing decayed roots were filled with sand (no open root channels). Gray et al.
cautioned that sinker roots and roots vertically oriented may not be characterized and
accounted for in vertical wall profiles. Although they thought vertical wall profiles were
the best overall technique for assessing root behavior, they suggested more research
using excavation of whole root systems was needed to provide appropriate information
on vertical roots. Soil voids were mostly due to ground squirrel and insect activity in the
sandy levee soils studied. No voids clearly attributable to plant roots were observed.
Small voids were filled quickly with sediment during floods. Large roots decay slowly
and replacement by sediment or new roots is compensatory. Gray et al. found that plant
roots reinforced levee soils and significantly increased soil shear strength. Grass roots
provided the best reinforcement near the surface, but shrubs (e.g. elderberry) and trees
had deeper roots, providing reinforcement of shear strength deeper in the soil,
protecting soils deeper seated failures. Low growing shrubs and trees offer protection
from soil shear while not adding significantly to chance of windthrow and related
problems. These findings were restricted to the sandy soils in the region of research,
Gray et al. suggested expanding the research to other soils, regions, and species.

Shields and Gray (1992) investigated dominant trees along the levee slope of the
Sacramento River in California. They excavated trenches near dominant trees of valley
oaks (Quercus lobata) and cottonwood (Populus fremontii). They found voids caused by
burrowing animals and insects at all depths, but found no voids caused by roots. The
number of roots per square meter of trench wall area (root density) declined
logarithmically with increasing root diameter. The root density for roots greater than 0.8
inches (2 cm) diameter was less than 10 for elderberry and less than 1 within woody
driplines. A dead oak stump was characterized as having a large tap root of 0.65 to 1.3
ft (0.2 to 0.4 m) in diameter and a series of spreading lateral roots at depths of 1.9 to 3.9
ft (0.6 to 1.2 m). Most of the roots angled sharply downward. Shields and Gray (1992)
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indicated that on these older, steeper, sandy levee systems, the tree roots considerably
enhanced the safety factor by as much as 16-fold. The greatest effect of roots on the
safety factor was near the surface. Roots of these trees were found to reinforce the
levee soils and increase the shear resistance. Their results suggested that allowing
woody shrubs and small trees to establish on levees would provide environmental
benefits, enhance structural integrity, and would not produce hazards commonly
associated with large trees and windthrow.

Wallace et al. (1994) reported on the potential armoring of levees with woody
vegetation. This report was the result of reviews of the flood effects on levees in the
Midwest which occurred during the summer of 1993. They used both published and
unpublished information and aerial survey reports of levee conditions and damage
following this flood. Areas of levees with 65.6 to 328 ft (20 to 100 meters) of tree
corridors revealed only a single break while those with no tree cover had multiple
breaks. They indicated that over 2000 breaks occurred in secondary levees in Missouri,
but surveys of the damage indicated that levee sections buffered by forests were
protected and had fewer breaks than those levee sections not near forests. Levee
sections with willow or other forests between the river and the levee showed few signs
of injury from scouring or wave action, According to the review, areas with woody
vegetation reduced flow velocity by increasing drag forces. Wallace et al. discussed
some potential design and management strategies for protecting levees with trees on
the river side.

Several papers at the 2007 Sacramento “Vegetation Challenge Symposium" offer
additional insight into the influence of trees and other vegetation on levees. Berry (2007)
provided an introduction to basic tree root behavior and some of the anomalies that
occur. She reported on a recent and ongoing investigation of tree roots in the Central
Valley of California. She contrasted the root character of cottonwood, Douglas-fir, and
valley oaks. Her work in the study at Mayhew in Sacramento related to three mature
oaks on which root wall profile mapping was performed. An L-shaped trench 48-ft long
and 4-ft deep about 14 ft from the trunk of the tree was excavated. Root locations were
dotted on acetate sheet and sizes were recorded. Roots were not found when soil bulk
densities exceeded 1.63 in a sandy loam soil. Most roots measured with the root wall
profile technique were in the upper 2 ft of soil. Few roots were found between 2 and 4 ft
of depth. Ground penetrating radar was used to search for roots deeper than 4 feet,
Initial data indicated large roots, those greater than 1 inch in diameter, occurred at
depths of 4 to 6 feet. The author suggested some roots may be growing beneath the
levee. One actual sample, below 4 feet, revealed roots in the 4 to 6 foot depth
confirming the initial GPR images.

Peterson (2007, "Vegetation Challenge Symposium") gave a presentation dealing
primarily with tree falls and those factors influencing the uprooting or breakage of trees.
The presentation reviewed several factors contributing to wind damage and windthrow
including hurricanes, tornados, coastal winds, tree and stand characteristics, and site
characteristics. Peterson mentioned the paucity of information related to the effects of
wind on trees occupying levees and the species in review at the symposium. The
presentation contained information on drag forces of crowns relative to wind and the
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differences produced by species, tree size, and wind speed. The crown deformation
effects during storms were also mentioned. The biomechanics of breakage versus
bending and windthrow were discussed. Site characteristics and topography also
affected forces on trees. Soil saluration and hardpans within soils limit the extent of
rooting and therefore increase windthrow risk in some sites.

Shields (2007, "Vegetation Challenge Symposium") reported on studies he had
performed in the 1980s and early 1990s on six sites along the Sacramento River. A
portion of this work is reported above, Soils, vegelation, root size, and root distribution
were outlined relative to stability of levees. Data were used to conduct a slope stability
evaluation. Root area ratios (RAR) were used to discuss root distributions within the soil
profiles and make comparisons among different types of vegetation assuming similar
relationships between RAR and soll cohesion that others found in laboratory tests.
Using this relationship both an infinite slope stability analysis and a circular arc analysis
of slope failure were performed. Vegetation increased levee stability. Models predicted
levee failure would occur when vegetation was absent from the levees. Deeper rooted
plants such as trees and shrubs produced better stability under the circular arc
conditions. Roots increased soil cohesion only 50% but had maijor effect on the safety
factor. Aerial photographs before and after a 1986 flood were used to confirm
predictions. One acknowledged limitation is that Shields and coworkers did not consider
windthrow or seepage in their models of levee slope failure. Comparing vegetated and
unvegetated revetment areas they found that revetments with vegetation had less
damage than those without vegetation.

Remote Sensing

will not be extremely us:afu.' in south Louisiana. Maps of suitability are available from
NRCS at ftg:ﬂﬂg-fc.sc.egmr.usda,guwNGDC.*’ssatlasfggrﬂa e.pdf
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U.S ARMY CORPS OF ENGINEERS NEW ORLEANS DISTRICT
Tree Root Study Along Levees and Floodwalls
W912P8-07-D-0040, Task 0002/Final Report

Root system detection suitability would be least viable in wet, clay soils and soils
with obstructions or inclusions and best in sandy and dry soils. Included items in levees
are a prablem. In soils with high water content, only the first 0.5 m of depth would be
useful.

Butnor el al. (2001) tested ground penetrating radar (GPR) to examine root
distributions in several forested areas of the southeastern U.S. They found that GPR,
when used correctly and scanned perpendicular to roots, was reliable with an r* of 0.55,
but that it was not adequate for clay soils, excessively wet soils, and soils with
obstructions of various sizes (such as found in the levees of our current study). Uneven
surface soils presented severe problems, They also indicated that water tables severely
distort root signals. Live roots were detectable, but dead roots were often undetected
even at much larger diameters. In clay soils, the inclusions of coarse fragments and
rocks were often mistaken for roots. Butnor et al. (2003) used GPR to evaluate root
systems of young loblolly (Pinus taeda) in sandy loam soils that were well drained to
excessively well drained. They indicated that under those ideal conditions they were
able to accurately assess root system distribution and root volumes. However, even in
these ideal conditions they did have problems. Calibration was required for each set of
soil conditions (GPR would not work well in variable soils on outfall canals). Fertilization,
even on the uniform soils in their study lead to detection problems because of the
increase in root density. Scanning depth on these plots was reduced to the upper 11.7
inches (30 cm) even in this ideal sandy loam soil. Four hours were needed to scan just
1000 linear feet of soil in a narrow band and scanning had to occur on an even surface
with no more than pine needles as a disruption. Hruska et al. (1999) scanned root
systems of sessile oak (Quercus petraea) on loamy soils. For a scan to a depth of 6.5 ft
fora 19.5 ft by 19.5 ft scan (2 m for a 6 m by 6-m scan) in a 0.8 ft by 0.8 ft (0.25 m by
0.25 m) segment required 6 hours of scanning time and 30 hours of processing time.
Complicating factors included coarse root interference and stones. Barton and Montagu
(2004) describe the conditions and restrictions for using GPR for the purpose of tree
root detection. According to their description, only scans perpendicular to the roots give
quality data; high clay, high water content, and high salinity attenuate the signals
rapidly, so detection Is limited to near the surface (depths of less than 3.3 feet). Some
signal conditioning and waveform analysis can be used for correction and could
produce good results to 4.9 ft (1.5 m) when roots were scanned at right angles in
uniform dry sandy soils.

Nadezdina and Cermak (2003) reviewed several root measurement techniques.
They indicated that GPR coverage of a 322.9 it (30 m?) area required between 6,000
and 10,000 images for a tree; additionally, sticks and rocks needed to be removed.
They also reviewed the use of differential electrical conductivity for the assessment of
root surface conducting area. However, with this technique, root distribution and root
size are not available. In addition extensive sampling is needed.
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Root Barriers

Protection of engineered structures, such as sidewalks, pavement, buildings, and
even levees is needed when the desire is to keep valuable or historic trees from
conflicting with these structures. Tree rool barriers have been manufactured for such
use for a number of years. In most cases, the barriers only need to restrict root egress
at shallow depths (not the case for levees). Little scientific literature exists on the
applicability of root barriers for deep growing roots.

Coder (1998), in a review of applications for root barriers, suggested flaws in
engineering cause most of the damage frequently attributed to trees. . Still, tree root
system conflicts with structures are inevitable and may sometimes need to be resolved
by the use of root barriers. Coder’s main recommendation was to avoid tree placement
or establishment near sensitive structures. He mentions the major downside of root
barriers as being the ability of tree roots to escape from the barriers by growing over the
top, under the bottom, or through gaps (breaks or tears) in the barrier caused by faulting
or careless installation. Coder reviews the strengths and weaknesses of several types
of barriers including traps, deflectors, and inhibitors. Randrup et al. (2001) provide a
review of the little scientific literature available on root barriers. They compare some
types, and include limited information on cost, repair frequency, and other information.
However, the review is limited and probably of little benefit in decisions regarding which
barriers are capable of preventing root growth into levees.

Peper (1998) tested three commercial barriers, Deep Root, TreeRoot, and Vespro
for the containment of white mulberry roots. He found that 11.7-inch deep (30 cm) root
barriers reduced surface root biomass outside the barriers, but they did not reduce root
diameters. He also found that 23.4-inch deep (60 cm) barriers reduced both root
biomass and root diameters outside the barrier for the duration of the study. Roots were
forced to grow downward for the depth of the barrier in all three types tested. Peper and
Mori (1999) tested barrier effectiveness for Chinese hackberry (Celtis sinensis). All
tested barriers were effective to the barrier depth, but barriers with vertical ribs
prevented or reduced circling of roots (a negative) within the barrier. Roots
circumventing the lower level of the barrier grew upwards and then resumed growth
similar to roots in control plants without barriers. Pittenger and Hodel (1999) found
similar upward growth of tree roots escaping below barriers for sweetgum (Liguidambar
styraciflua) and Indian laurel (Ficus nitida). Smiley (2005) tested the effectiveness of five
types of barriers on 2-year root growth of 1.5-inch diameter willow oak (Quercus
phellos). Barriers were installed 2 ft from the tree stems to a depth of 18 inches. After
two years, no roots had penetrated barriers in any of the barrier systems. There were no
differences in roots within the barrier zones, except for the control trees, which had
more roots. However, chemically treated barriers were able to reduce overall growth
near the barriers. Roots systems were similar below the barriers.

Wilson and Lester (2002) tested trench inserts (root barriers) as a means of
reducing or preventing the spread of oak wilt through root contact among mature live
oak (Quercus virginiana) roots. Barriers or trench inserts were tested for a period of 7
years. Linear trenches 4.9 ft (1.5 m) deep were lined with trench insert materials. Four

@D 1 VIRONMENTAL Phase |, Page 31

& Geoiechn'co Servoan ing



U.S ARMY CORPS OF ENGINEERS NEW ORLEANS DISTRICT
Tree Root Study Along Levees and Floodwalls
W912P8-07-D-0040, Task 0002/Final Report

trench insert materials were tested, including water permeable Typar polypropylene
spunbonded fabric of a 4 ounce weight; water-permeable Biobarrier or Typar with
trifluralin-impregnated 0.4 in (10 mm) diameter controlled-release pellets bonded to
polypropylene fabric; and water-impermeable polyethylene Rufco Geomembrane liners
of both 20 and 30-mil thickness. Untrenched trees were used as controls and also
compared to trees with unlined trenches and fungicides added. Infections occurred
within the first year in many of the untrenched trees, but infections were not evident until
year three in any of the trees within treatments lined with trench barriers. The breakouts
only occurred in trenched trees with the thinner water-impermeable Geomembrane 20
mil barrier. No breakout occurred in any of the other barrier treatments through year
five. Over the course of the seven year study no breakouts occurred in the water-
permeable Biobarrier, Typar, or water-impermeable Geomembrane 30-mil trench
inserts. No root penetrations occurred in any of the treatments with trench inserts. Root
contacts with the barriers did occur in all but the Biobarrier lined trenches that had
fungicides incorporated. All breakouts were associated with roots that either grew over
or under the trench inserts. Such breakouts were only noted in the water-impermeable
trench liners. Roots in the water-permeable trench liners tended to branch prolifically
rather than be seriously diverted as in the water-impermeable lined trenches. The
chemically treated water-impermeable liner inhibited root tip growth as roots
approached the liners. The Typar water-permeable liners were about 70% to 80% less
expensive than the chemically treated, water-permeable Biobarrier liner. The Typar
barrier was also available in several thicknesses. This paper provides manufacturer
information for barrier materials that may be relevant to certain metropolitan levee
situations. Research is needed on the performance of such materials in levee situations
where soil erosion may lead to root overtopping of barriers over time. Such overtopping
could be prevented by proper engineering and maintenance. The very long-term
durability of these materials is uncertain but promising.

Literature Cited

Refer to Annotated Bibliography (Appendix 5) for all citations in this literature
synthesis.

@D enviRONMENTAL Phase |, Page 32

& Gaotechncol Sarvoar ino



i ] U.S ARMY CORPS OF ENGINEERS NEW ORLEANS DISTRICT
m Tree Root Study Along Levees and Floodwalls
W912P8-07-D-0040, Task 0002/Final Report

Phase 2

Data Collection Protocol

Initial Exploration

In the initial stages of the project, the Team worked cooperatively with the New
Orleans District's tree removal contractor (Three Fold Consultants, LLC) to visually
evaluate the possibility of coordinating some of our root system measurements with
their tree removal operations along the London Avenue Outfall Levee. We were unable
to collect actual measurements from this work and changed our approach for three
primary reasons: 1) the method of tree removal used destroyed sections of the trees
and root systems such that measurement of root size, root location, and tree size could
not be evaluated with necessary accuracy or repeatability; 2) the time needed for our
measurements would have prevented Three Fold from completing their work within their
allotted time and budget constraints; and 3) the operating conditions would have been
unsafe for our personnel to work. Three Fold was the most cooperative contractor we
spoke with and they did aid us considerably in early exploration of root depth, especially
with deep roots. They also aided in the initial investigation of species differences by
providing some deep excavations of roots of several large trees.

Initial data collection involved the development of an initial protocol for root system
measurement. In lieu of coordinated measurements, we decided to have Three Fold
excavate exploratory trenches for selected sample trees of sycamore (Plantanus
occidentalis), baldcypress (Taxodium disthicum), live oak (Quercus virginiana), water
oak (Quercus nigra), pecan (Carya illinoinsis), and sugarberry (Cellis laevigata) to
investigate the general characteristics and distribution of these root systems. This initial
exploration of root system was done to a depth considered safe based on the soil
characteristics as revealed during excavation (e.g., integrity of the trench faces,
absence of water in the trenches or along their faces, etc). Generally the trenches were
7 to 8-ft deep and ranged from 10 to 20 ft in length. Personnel were not allowed to enter
the trenches once they reached a depth of 4 ft. Water oak and sugarberry had the
shallowest roots in the trenches and levee seclions explored by this method. Most of the
observable roots for these two species, greater than 0.5 inches in diameter, were
contained within the upper 12 inches of the profile with some extending to a depth of 3
to 3.5 ft. The majority of roots of the other species were also contained within the same
soil depth, but a small number of large roots, 2 to 6 inches in diameter or more, were
observed at greater depths. The deepest roots were observed in the selected
baldcypress and live oak trees and these occurred at the maximum excavated depths of
~ 7.5 to 8.0 ft. These were large roots estimated to exceed 6 inches in diameter and
projecting downward at the face of the trench. Each of these deep large roots and
similar large roots in sycamore excavation trenches occurred at some distance from the
tree (20 to 30 ft). Time constraints and the gravel road along the west side of the
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London Avenue Qutfall Canal did not allow us to explore the entire length of the system.
Safety precautions did not allow us to excavate deeper. Similar observations of large
diameter roots were made of the selected pecan but at a distance of 15 ft from the tree.
The exact nature and distribution of these large penetrating deep roots should be
explored on a more detailed basis. Roots were noted to be larger in diameter in areas of
blue clay soils for baldcypress, live oak, and sycamore. This was not a formal analysis
of tree roots, but simply ad hoc observations that lead us to question the sufficiency of
knowledge to be gained from our formal measurement trenches that were restricted to a
depth of 3.5 ft.

An initial protocol for data collection included scouting potential trees for
measurement to fit the size and species categories in our proposal; flagging or
otherwise marking these trees, and recording latitude and longitude via GPS and initial
size and distance for each marked tree. Each flagged tree was later evaluated as to its
value to the project. If selected, trenching was performed at preset distances from the
tree for root measurements. Once a set of trees was selected for initial root
measurements, we explored several procedural methods of pit excavation, trench wall
marking, and root counting. We also explored different methods for characterizing the
soil medium. Initial trenches did not include all measurements. Some added
measurements and changes in data sheets (see Appendix 1: sample data sheet) were
determined to be valuable or necessary, and changes were made as we encountered
additional complexities and attributes of trees, levee sections, soils, and logistics of
measurement.

Protocol

The adopted protocol for current root and tree measurements along the outfall
canals in New Orleans are as follows (see sample data sheet, Appendix 1):

« Maps, photographs, and other documentation supplied by the Corp were used to
aid in tree selections and field visits added confirmation to some of these
selections. However, on-site field selection proved to be more efficient and was
used for selecting most trees. Selected measurement trees and stumps were
clearly marked with various combinations of temporary flags and brightly colored
paint for the field measurement crew and other crews such as contractors, the
Corp, etc.

e The general tree measurements to be taken were modified as needed. Some
measurements could not be made on stumps of trees cut prior to sampling..
Therefore, not all data sheets include all measurements. General measurements
include tree location (latitude and longitude), diameter at breast height (4.5 ft) (or
specified height in the case of stumps and trees with abnormalities at 4.5 ft), tree
height, and species (Figure 2). Tree-crown radius parallel to the measurement
trench and crown radii in that direction and approximately normal to that direction
were measured. Height and crown measurements are not available for stumps.
Other measurements include distance from tree to toe of levee slope (Corp line
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when marked) and distance from tree to the face of each successive trench wall

if present.
Profile View
L \__\l‘ I I
\ J } Tig9
L "1I-—_I &
Laves Tos
Top View
: TT
Leves Toe
T Distance from the tree to the toe of the levee
TD1,2,3: Distances from the tree to the corners and center of each
trench
CR: Crown radius, measured perpendicular to the trench on the

half of the tree closest to the trench

CD1,2:  Crown diameters, measured both perpendicular and parallel
to the trench

H: Total tree height

DBH: Diameter at breast height (4.5 feet from the ground)

Figure 2. Idealized diagram depicting lypical measurements taken for trees studied along levees and
floodwalls in the New Orleans area. Black boxes represen! trenches and grey circles represent sample
iree crowns. Nol all measurements depicted could be taken on all trees, as some were felled and
removed prior lo measurement. Stump diameters were taken for lrees felled prior lo lree measurements.
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o Generally, the first trench was at least 9 ft from the tree and successive trenches
were placed al approximately 6 ft intervals away from the front wall of the
previous trench (Figure 3, see Appendix 1 for additional examples). Additional
trenches were added when roots in the current trench exceeded 0.5 inches in
diameter. Reasons for discontinuing successive trenches were safety, working
conditions, and insufficient distance from the trench to the levee wall. Some early
trenching was discontinued because of conflicts with contract work for root and

tree removal.
Laves W |
b——
Ty
i.“h ¥
., b—

Lirved “
Shousdes I

TR : — _
Larie I GVBE TOB
wial
Laves wral
Tee  Evdry
-+ Raght of Wy

Profile View

Top View

Figure 3. Idealized trenching diagram for root wall profile trenches used in this sludy. The black boxes
represent an idealized trench placement along the levees/floodwalls in the Mew Orleans area. The first
root profile trench cut for each tree (grey circle) generally was placed at least 9 ft from the base of a lree
in the direction of the levee wall and parallel to it. Successive root profile trenches were spaced
approximately 6 ft closer to the levee wall than each preceding trench. Successive trenches were
excavated until there were no roots greater than 0.5 inches in diameter or conditions did not permit
additional trenches (see text). Distance from tree to the first trench were varied to obtain a range of

distances, species, and iree diametars.

¢« Trench and root related measurements (included descriptions, or samples
associated with each measurement trench): Trench measurement zones
extended from the soil surface to a depth of 3 ft and horizontally for 10-ft (at each
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trench location. The trench was roughly centered so that 5 ft of measurement
wall occurred either direction from the approximate projected center of the
measurement tree stem). The measured portion of each trench was divided into
1-ft vertical increments and 2-ft horizontal increments (some early work used 1-ft
horizontal increments, but data were later combined into 2-ft increments) for a
total of 15 root-measurement cells (Figure 4). Cell boundaries are delineated by
temporarily placing a colored strand of rope or flagging at each 1-ft depth interval
and cells across the measurement wall were delineated by vertical placement of
colored flagging in strips al each 2-ft mark horizontally along the trench face.

Root-Wall-Profile Measurement Layout

Soil surface
1\ 2 3 4 5
N | =
B 3
c
| |
i &

104t

Figure 4. |dealized rool-wall profile layout containing fifteen measurement cells. All roots greater than 0.5
inches in diameler were tallied within each cell,

e Measurements within the profile included the following:

o soll texture by feel in each 1-ft layer with descriptions of uniformity and
inclusions or other buried objects

o soll strength measured with a pin penetrometer for each cell

o roots were counted in each of three diameter classes (0.5 to 0.99; 1.0 to
1.49, and 1.5 to 2.0 inches) within each designated measurement cell

o roots with larger diameters are measured with calipers and diameters
were recorded

o photographs were taken at each trench and often included both tree and
trench views (See below)

o All protocols were subject to modification as needed, Maodifications
generally included additional information and added measurements as
different needs and conditions arose.
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Photographic Documentation

For most trees after the initial data collection trials (protocol development), soll
trench photographs were taken to record the general nature of the root systems. Some
photographs are taken of trees as well (in a number of cases the trees were cut by Corp
tree removal contractors before tree and root measurements had begun). Many
measurement trees were documented with four pictures, one of the tree or stump, and
three of the sample wall of the trenches. Photographs were labeled to correspond to
trench identification code data (included on accompanying CD). Below are sample
photographs depicting trees and trenches along the outfall canals in New Orleans.

N F
Fere o
r 1 i i -

Typical water oak, Quercus nigra, along the west side
of the London Avenue Qutfall Canal.
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Early trench work for root measurements depicting
initial protocol development,

5 Kt-. i 5 [} T £ Pl

Large root at ~ 7.5 ft depth in trench exploration work
with Three Fold Consultants.

ESCOZ
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Root measurement cell delineation used to spatially
segregate measurements of roots, soil strength, soil
texture, and soil sample locations.

Compaction Quality Assurance

In order to verify standard compaction, JESCO proposed running In-Place Density
Tests at various trench locations. JESCO tested the recompacted fill material in
accordance with ASTM D 2922 (Nuclear Method). As described in the original
workplan, One (1) trench was tested for every twenty (20) trenches excavated with the
exception of the Lakefront and Mississippi River Abandoned Levee Sections.
Regarding the Lakefront Levee, the New Orleans District requested a compaction test
be performed on each observation trench developed directly in the Lakefront Levee.
Additionally, the New Orleans District stated trenches did not require tests that were
located completely outside the levee structure. Compaction tests were not performed at
the abandon levee sections located near the Mississippi River Levee Sections in Bayou
Goula and Cannonburg, LA.

Selected soil samples were collected from each investigation location and submitted
to Beta Testing & Inspection, LLC (geotechnical laboratory) for analysis of Moisture
Content (ASTM D2216), and Standard Proctor (ASTM DE98A). The Standard Proctor
and Nuclear Density results are shown as Appendix 7. The tested trenches were
required to meet or exceed 90% compaction. All trenches tested met or exceeded the
required 90% compaction.
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The following information shows the number of trenches sampled during the study:
London Avenue Canal — 4 trenches tested, Passed
Orleans Canal —- 2 trenches tested, Passed
Lakefront Levee — 26 trenches tested, Passed
17" Streel Canal — 7 trenches lested, Passed
Mississippi River Levee Sect. 5155, 5070, & 4990 — Abandoned levees, No
testing required
Mississippi River Levee Sect. 5595 — Abandoned levees, No testing required
Total # of Tests — Total of 39 trenches sampled (Total of 217 trenches in study)
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Phase 2
Data Collection Protocol

Initial Exploration

In the initial stages of the project, the Team worked cooperatively with the New
Orleans District's tree removal contractor (Three Fold Consultants, LLC) to visually
evaluate the possibility of coordinating some of our root system measurements with
their tree removal operations along the London Avenue Outfall Levee. We were unable
to collect actual measurements from this work and changed our approach for three
primary reasons: 1) the method of tree removal used destroyed sections of the trees
and root systems such that measurement of root size, root location, and tree size could
not be evaluated with necessary accuracy or repeatability; 2) the time needed for our
measurements would have prevented Three Fold from completing their work within their
allotted time and budget constraints; and 3) the operating conditions would have been
unsafe for our personnel to work. Three Fold was the most cooperative contractor we
spoke with and they did aid us considerably in early exploration of root depth, especially
with deep roots. They also aided in the initial investigation of species differences by
providing some deep excavations of roots of several large trees.

Initial data collection involved the development of an initial protocol for root system
measurement. In lieu of coordinated measurements, we decided to have Three Fold
excavate exploratory trenches for selected sample trees of sycamore (Plantanus
occidentalis), baldcypress (Taxodium disthicum), live oak (Quercus virginiana), water
oak (Quercus nigra), pecan (Carya illinoinsis), and sugarberry (Celtis laevigata) to
investigate the general characteristics and distribution of these root systems. This initial
exploration of root system was done to a depth considered safe based on the soil
characteristics as revealed during excavation (e.qg., integrity of the trench faces,
absence of water in the trenches or along their faces, etc). Generally the trenches were
7 to B-ft deep and ranged from 10 to 20 ft in length. Personnel were not allowed to enter
the trenches once they reached a depth of 4 ft. Water oak and sugarberry had the
shallowest roots in the trenches and levee sections explored by this method. Most of the
observable roots for these two species, greater than 0.5 inches in diameter, were
contained within the upper 12 inches of the profile with some extending to a depth of 3
to 3.5 ft. The majority of roots of the other species were also contained within the same
soil depth, but a small number of large roots, 2 to 6 inches in diameter or more, were
observed at greater depths. The deepest roots were observed in the selected
baldcypress and live oak trees and these occurred at the maximum excavated depths of
~ 7.5 to 8.0 ft. These were large roots estimated to exceed 6 inches in diameter and
projecting downward at the face of the trench. Each of these deep large roots and
similar large roots in sycamore excavation trenches occurred at some distance from the
tree (20 to 30 ft). Time constraints and the gravel road along the west side of the
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London Avenue QOutfall Canal did not allow us to explore the entire length of the system.
Safety precautions did not allow us to excavate deeper. Similar observations of large
diameter roots were made of the selected pecan but at a distance of 15 ft from the tree.
The exact nature and distribution of these large penetrating deep roots should be
explored on a more detailed basis. Roots were noted to be larger in diameter in areas of
blue clay soils for baldcypress, live oak, and sycamore. This was not a formal analysis
of tree roots, but simply ad hoc observations that lead us to question the sufficiency of
knowledge to be gained from our formal measurement trenches that were restricted to a
depth of 3.5 ft.

An initial protocol for data collection included scouting potential trees for
measurement to fit the size and species categories in our proposal; flagging or
otherwise marking these trees; and recording latitude and longitude via GPS and initial
size and distance for each marked tree. Each flagged tree was later evaluated as to its
value to the project. If selected, trenching was performed at preset distances from the
tree for root measurements. Once a set of trees was selected for initial root
measurements, we explored several procedural methods of pil excavation, trench wall
marking, and root counting. We also explored different methods for characterizing the
soil medium. Initial trenches did not include all measurements. Some added
measurements and changes in data sheets (see Appendix 1: sample data sheet) were
determined to be valuable or necessary, and changes were made as we encountered
additional complexities and attributes of trees, levee sections, soils, and logistics of
measurement.

Protocol

The adopted protocol for current root and tree measurements along the outfall
canals in New Orleans are as follows (see sample data sheet, Appendix 1):

» Maps, photographs, and other documentation supplied by the Corp were used to
aid in tree selections and field visits added confirmation to some of these
selections. However, on-site field selection proved to be more efficient and was
used for selecting most trees. Selected measurement trees and stumps were
clearly marked with various combinations of temporary flags and brightly colored
paint for the field measurement crew and other crews such as contractors, the
Corp, etc.

* The general tree measurements to be taken were modified as needed. Some
measurements could not be made on stumps of trees cut prior to sampling..
Therefore, not all data sheets include all measurements. General measurements
include tree location (latitude and longitude), diameter at breast height (4.5 ft) (or
specified height in the case of stumps and trees with abnormalities at 4.5 ft), tree
height, and species (Figure 2). Tree-crown radius parallel to the measurement
trench and crown radii in that direction and approximately normal to that direction
were measured. Height and crown measurements are not available for stumps.
Other measurements include distance from tree to toe of levee slope (Corp line
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when marked) and distance from tree to the face of each successive trench wall

if present.
Profile View
} T
Leves Toe
TT: Distance from the tree to the toe of the levee
TD1,2,3: Distances from the tree to the corners and center of each
trench
CR: Crown radius, measured perpendicular to the trench on the

half of the tree closest to the trench

CD1,2:  Crown diameters, measured both perpendicular and parallel
to the trench

H: Total tree height

DBH: Diameter at breast height (4.5 feet from the ground)

Figure 2. Idealized diagram depicting typical measurements taken for frees studied along levees and
floodwalls in the New Orleans area. Black boxes represent lrenches and grey circles represent sample
tree crowns. Nol all measurements depicted could be taken on all lrees, as some were felled and
removed prior lo measurement. Stump diameters were taken for trees felled prior to tree measurements.
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e Generally, the first trench was at least 9 ft from the tree and successive trenches
were placed at approximately 6 ft intervals away from the front wall of the
previous trench (Figure 3, see Appendix 1 for additional examples). Additional
trenches were added when roots in the current trench exceeded 0.5 inches in
diameter. Reasons for discontinuing successive trenches were safety, working
conditions, and insufficient distance from the trench to the levee wall. Some early
trenching was discontinued because of conflicts with contract work for root and
tree removal.

Lowves Wal |

_ kw&rmg_ _____
N — ¢
i
| B - —
' . £
: S\ — .
Leves
'
= —
— M
: T
18 : I— PR e cenes 100N TON
al 1 -
Levee Tgrtol
fee  Entry

Rignt of Way
Profile View

Top View

Figure 3. |dealized trenching diagram for root wall profile trenches used in this sludy. The black boxes
represent an idealized trench placement along the levees/flocodwalls in the New Orleans area. The firsl
root profile trench cut for each tree (grey circle) generally was placed at least 8 {t from the base of a tree
in the direction of the levee wall and parallel to it. Successive root profile trenches were spaced
approximately 6 ft closer to the levee wall than each preceding trench. Successive lrenches were
excavated until there were no roots greater than 0.5 inches in diameter or conditions did not permit
additional trenches (see text), Distance from tree to the first tfrench were varied to obtain a range of

distances, species, and Iree diameters.

e Trench and root related measurements (included descriptions, or samples
associated with each measurement trench): Trench measurement zones
extended from the soil surface to a depth of 3 ft and horizontally for 10-ft (at each
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trench location. The trench was roughly centered so that 5 ft of measurement
wall occurred either direction from the approximate projected center of the
measurement tree stem). The measured portion of each trench was divided into
1-ft vertical increments and 2-ft horizontal increments (some early work used 1-ft
horizontal increments, but data were later combined into 2-ft increments) for a
total of 15 root-measurement cells (Figure 4). Cell boundaries are delineated by
temporarily placing a colored strand of rope or flagging at each 1-ft depth interval
and cells across the measurement wall were delineated by vertical placement of
colored flagging in strips at each 2-ft mark horizontally along the trench face.

Root-Wall-Profile Measurement Layout

Soil surface
1 \. 2 3 4 5
[
A 1]
B ,3,
C
I

R, S
i 101t |

Figure 4. Ideallzed rool-wall profile layoul containing fifteen measurement cells. All roots grealer than 0.5
inches in diameler were tallied within each cell.

¢« Measurements within the profile included the following:

o soil texture by feel in each 1-ft layer with descriptions of uniformity and
inclusions or other buried objects

soil strength measured with a pin penetrometer for each cell

roots were counted in each of three diameter classes (0.5 to 0.99; 1.0 to
1.49; and 1.5 to 2.0 inches) within each designated measurement cell

o roots with larger diameters are measured with calipers and diameters
were recorded

o photographs were taken at each trench and often included both tree and
trench views (See below)

o All protocols were subject to modification as needed. Maodifications
generally included additional information and added measurements as
different needs and conditions arose.
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Photographic Documentation

For most trees after the initial data collection trials (protocol development), soil
trench photographs were taken to record the general nature of the root systems. Some
photographs are taken of trees as well (in a number of cases the trees were cut by Corp
tree removal contractors before tree and root measurements had begun). Many
measurement trees were documented with four pictures, one of the tree or stump, and
three of the sample wall of the trenches, Photographs were labeled to correspond to
trench identification code data (included on accompanying CD). Below are sample
photographs depicting trees and trenches along the outfall canals in New Orleans.

Typical water oak, Quercus nigra, along the west side
of the London Avenue Qutfall Canal.

@D e\ VIRONVENTAL Phase I, Page 38

& Geotechnog! Sviced Inc



U.S ARMY CORPS OF ENGINEERS NEW ORLEANS DISTRICT
Tree Root Study Along Levees and Floodwalls
W912P8-07-D-0040, Task 0002/Final Report

Early trench work for root measurements depicting
initial protocol development.

‘i

"

-

Large root at ~ 7.5 ft depth in trench exploration work
with Three Fold Consultants.
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Root measurement cell delineation used to spatially
segregate measurements of roots, soil strength, soil
texture, and soll sample locations.

Compaction Quality Assurance

In order to verify standard compaction, JESCO proposed running In-Place Density
Tests at various trench locations. JESCO tested the recompacted fill material in
accordance with ASTM D 2922 (Nuclear Method). As described in the original
workplan, One (1) trench was tested for every twenty (20) trenches excavated with the
exception of the Lakefront and Mississippi River Abandoned Levee Sections.
Regarding the Lakefront Levee, the New Orleans District requested a compaction test
be performed on each observation trench developed directly in the Lakefront Levee.
Additionally, the New Orleans District stated trenches did not require tests that were
located completely outside the levee structure. Compaction tests were not performed at
the abandon levee sections located near the Mississippi River Levee Sections in Bayou
Goula and Cannonburg, LA.

Selected soil samples were collected from each investigation location and submitted
to Beta Testing & Inspection, LLC (geotechnical laboratory) for analysis of Moisture
Content (ASTM D2216), and Standard Proctor (ASTM D698A). The Standard Proctor
and Nuclear Density results are shown as Appendix 7. The tested trenches were
required to meet or exceed 90% compaction. All trenches tested met or exceeded the
required 90% compaction.
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The following information shows the number of trenches sampled during the study:
London Avenue Canal — 4 trenches tested, Passed
Orleans Canal - 2 trenches tested, Passed
Lakefront Levee — 26 trenches tested, Passed
17" Street Canal — 7 trenches tested, Passed
Mississippi River Levee Sect. 5155, 5070, & 4990 — Abandoned levees, No
testing required
Mississippi River Levee Sect. 5595 — Abandoned levees, No testing required
Total # of Tests — Total of 39 trenches sampled (Total of 217 trenches in study)
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Phase 3

Data Collection and Analysis
|. Data Collection
Tree Selection

Seventy-nine trees were selected for root-profile wall mapping (Table 1). Root
extent of 54 trees along levees on the east and west side of the 3 outfall canals in
northern New Orleans and 9 trees along the protection levee on the Pontchartrain lake
front were sampled. Root extent of 16 trees were also sampled on and adjacent to the
west protection levee along the Mississippi River south of Plaquemine Louisiana. All
sampling occurred between April and June of 2007.

Table 1, Number of rees and species samplad on the New Orleans levees along the outlall canals Inlo Lake
Pontchartrain, the Lakefront of Lake Pontchartrain, and atong the Mississippi River leves south of Plaguemine,
Louisiana,

Levee
Species London  Orleans MS Total
17th Street  Lakefront Ave Ave river
Baldcypress 4 4 8
Drake elm 1 1
Live oak 1 2 5 7 16
Pecan 4 3 5 12
Slash pine 1 7 1 g
Sugarberry 1 7 1 9
Sycamore 2 3 4 9
Tallow 2 5
Water oak 4 7 11
Taolal 14 9 R 16 9 79

Nine tree species were represented in the sample (Figure 5). Eight of these species
are common to the outfall canals. In addition to sampling nine tree species, trees were
selected to represent a range of diameters. Stem diameter was commonly measured at
breast height (4.5 ft on the uphill side of the tree); for stumps (previously cut trees),
however, diameter was measured near the top of the stump, and the height of the
measurement recorded. The most common diameter for all sample trees was 16 inches.
Of the smallest trees, a pecan and a slash pine, both were 13 inches in diameter. The
largest diameter tree was a water oak, 64 inches in diameter.
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Specles (number sampléed)

L ive ask (15)

I W ster oak (11)

6 - I Sycamore (9)
I | [ Slash pine (9)
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Stem diameter [II'ICHES:I
Figure 5. Distribution of tree diameters by species for New Orleans outfall canals, Pontchartrain
Lakefront, and Mississippi River levee south of Plaguemine, Louisiana.

Trees selected for sampling root extent were located within a corridor extending
from the toe of the levee to a distance where roots might extend. The outer boundary of
the corridor was based on past measurement experience with a particular species and
size combination. |deally, trees were isolated enough to expect only the roots from the
sample tree to be sampled on the root-profile wall, though roots of other species
probably also protruded from the sample face on some occasions. Trees were selected
along both sides of the London Ave canal and along a small section of the Pontchartrain
lake front levee north of City Park (Figure 6a). The west side of the Orleans Ave canal
had no trees (Figure 6b) so only trees on the east side were sampled. The baldcypress
trees that were selected along the Orleans Ave canal were aggregated on the north end
of the canal. Tree availability was also limited along the 17th Street canal (Figure 6c).
Only pecan and sycamore were sampled along a small section of the Mississippi River
protection levee (Figure 6d).

Within a particular species, the sample trees well represent the range of sizes
encountered near the outfall levees (Table 2). In addition to stem diameter, total height
of intact trees was measured with a sonic hypsometer (a few were measured with a
laser hypsometer). Twenty-one trees were represented as remaining stumps at the time
sampled. They had been cut prior to the initiation of this study. As mentioned in Phase
Il, radius of the live crown in the direction of the levee was measured with a 100-ft tape.
Crown diameter was also measured in the direction of the levee and at right angles.
These two diameters were averaged for the tree. Mean height of the sample trees
ranged from 33 ft to 80 ft - the smallest tree was a 28-ft tallow tree and the tallest was a
110-ft sycamore tree.
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Flgure 6a-d. Lm::alinnnf Im&s ﬁamm&d all}ng the London ﬁ.ve Canal (a), the Pontchartrain Lakefront and

Orleans Ave Canal (b), the 17th Street Canal (c), and the Mississippi River levee south of Plaquemine,
Louisiana (d)

Legend Note (Species Code/Common Name): Cl-Pecan, CL-Sugarberry, PE-Slash Pine, PO-
Sycamore, PT-Lablolly Pine, QN-Waler Oak, QV-Live Oak, TD-Bald Cypress, TS-Tallow, UP-Drake Elm
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The top of many trees appeared to be damaged from the hurricane or past storms;
no attempt was made to correct these measurements. The mean crown radius was
generally between 20 and 30 ft. The smallest crown radii were measured for
baldcypress and for slash pine; the largest radii were observed for live oak and pecan.
Crown diameter followed similar patterns to the crown radii. Some crowns had also
suffered storm damage.

Table 3. Mumber and placement of 3 ft x 10 t, root-profile trenches according to trees selectad for sampling root
exlent from base of various species.

Mumber of Mean number Distance from iree

Species =
trenches per lrae Min Max
—-fegt-aeaeas
Baldcypress 14 1.8 8.6 24.5
Drake elm 3 3 9.7 206
Live oak ER| 2.7 74 43
Pecan 43 3.6 8.2 61.8
Slash pine 29 3.2 8.1 37.5
Sugarberry 16 1.8 7.8 20.6
Sycamore 31 34 8.2 48
Tallow 14 2.8 6.7 28.3
Walter oak 26 2.4 7.8 38

Root-Profile Walls

Radial root extent was estimated by counting roots protruding from one face of
shallow trenches dug with a small excavator (see Phase |l for details). Trenches were
large enough to accommodate measurement root-profile walls that were 10-ft long and
3-ft deep. The right-of-entry corridor was often narrower than the corridor of roots with
diameters of 0.5 inches or larger originating from candidate trees. For trees within the
right-of-entry corridor, the first root-profile wall was generally dug approximately 9 ft
from the base of tree. For trees outside the right-of-entry corridor, the first root-profile
wall was created at the toe of the levee. Subsequent trench walls were excavated at
approximately 6-ft intervals from the previous wall toward the ridge (shoulder) of the
levee, Sampling was generally considered complete when less than 2 roots in the
smallest root diameter category were present. Often, the final root-profile wall had no
measurable roots. In a few instances, sampling was impeded by physical obstructions
such as the flood wall for the levee. The shortest distance between the tree and the first
root-profile wall was a function of tree location and the right-of-entry corridor; however,
the maximum distance and to a limited extent, the number of trenches was a function of
species (Table 3). The smallest maximum was observed for a Drake elm (a single tree)
measured at the Orleans Ave canal, and the largest maximum was observed for pecans
along the west protection levee of the Mississippi River. A total of 217 trenches were
dug. Two of the trenches were 20-ft long to accommodate trees that were close
together, but not too close; one of these long trenches was eliminated from the analyses
because 3 trees were spaced along the trench at unequal distances. The other double
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trench had 2 trees aboul on the center of each 10-ft section; this trench was split in two
and each section was analyzed for the tree within that section.

Roots

A grid 1-ft deep and 2-ft across was established on each root-profile wall. The
number of roots in three diameter classes in each cell was recorded: 0.50 - 0.99 inches,
1.00 to 1.49 inches, and 1.50 to 1.99 inches. For roots larger than 2 inches in diameter,
the actual diameter was recorded. Dead roots that were not rotten were also counted.
Dead roots were combined with live roots since the objective in chronicling root extent
was the possibility of large pores created by roots. Very few dead roots were counted.

The number of roots counted in the 0.50 to 0.99-inch diameter class was nearly one
order of magnitude greater than the number of roots counted in next two diameter
classes; they exceeded the number of roots greater than 2.0 inches by two orders of
magnitude (Table 4). While the number of roots counted should be a function of
species, the number counted for each tree is a function of the relative frequency of each
species represented in the sample. Normalizing according the number trees selected by
species: slash pine had the highest number of roots counted (44.9/tree on the root-
profile wall surface) and sugarberry had the fewest number of roots counted per tree
(13.7/tree on the root-profile wall surface).

Soil Strength and Textural Class

Root growth can be physically restricted by the soil's resistance to penetration or
soil strength. This resistance can be estimated with a pin penetrometer. A Lang
penetrometer was used to obtain an index of penetration resistance in each cell within
the root-profile wall grid (15 readings per wall). This penetrometer gives an arbitrary
reading between 0 and 20 depending on the force required to counter the friction of a
pin moving into the soil with a calibrated spring. The scale value of 20 represents
maximum resistance. According to the documentation, the scale is linearly related to
load (see Appendix 2).

Normally, soil strength decreases with soil moisture content. A representative soil
sample was collected at each 1-ft depth interval on the root-profile wall and placed in a
plastic bag for transport to the lab where gravimetric soil moisture content was
determined. For the soils sampled in this study, soil strength was linearly and negatively
correlated with gravimetric soil moisture content for sand clays, sandy clay loams, clays,
and clay loams (Figure 7). Penetrometer readings for these soils were corrected for
moisture content when included in an analysis.

@D 1 VIRONVENTAL Phase Ill, Page 47

Gootechncol Sgrvicol Ing



.S ARMY CORPS OF ENGINEERS NEW ORLEANS DISTRICT
Tree Root Study Along Levees and Floodwalls
W912P8-07-D-0040, Task 0002/Final Report

25 r — : -

¥ = 13.83- 399 (=307, P=0.001, F=0 03)

_ 20t
@
1]
L
> 15}
i
8
Lt 10 ¢
s
2
o
=
B 5t
o
5
L

0 [

0o D2 D4 06 08 1o

Gravimetnc maisture content

Figure 7. Scattergram of soil strength of clay soils and gravimetric moisture content samples collected in
trenches dug an the New Orleans levees along the oulfall canals into Lake Pontcharlrain, the Lakefront of
Lake Ponlchartrain, and the along the Mississippi River levee soulh of Plaquemine, Louisiana. Line is
ordinary least squares fit.

Normally, soil strength will increase with soil depth as a result of clay accumulation.
Soils in the New Orleans area and along the Mississippi River levee are relatively young
marine or river deposits mostly eliminating the vertical gradient in soil strength in more
weathered soils. In addition, levees are constructed mostly from homogenized and
compacted fill, minimizing variation in soil strength. The effect of the homogenizing
factors is clearly evident in the penetrometer readings. The mean penetrometer reading
for all depths and levees is 12.1 (Table 5). Within the top foot of the profile, the mean
penetrometer reading was 11.2, and the within the bottom foot of the profile, the mean
penetrometer reading was 12.2. Some heterogeneity is evident in the soils:
penetrometer readings as readings ranged from a minimum of 1.5 to 3 to a maximum of
15.5 to 20. Mean soil strength did not vary predictably among horizons or among
levees.
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Mean penetrometer readings varied with textural class, with highest readings for
finely textured soils (clay) and loweslt readings for silty soils and coarse texture sands
(Figure 8b). The textural class of the soil was determined at successive 1-ft intervals on
the root-profile wall using a decision key (Appendix 3). Trenches were predominantly
excavated in two textural classes: clay and silty clay (Figure 8a). The next two
frequently encountered textural classes were clayey silt and silt. The frequency of these
texture classes is consistent with soil origin in New Orleans and along the Mississippi
River. It is also consistent with the geotechnical requirements of the levees. Sand was
encountered on a few levees (Pontchartrain lakefront and the southern end of the
London Ave canal). A layer of weathered brick was found in trenches excavated on the
north end of the London Ave canal. Other items found in trenches were buried
baldcypress stumps, large pieces of concrete, and old tile drains (see photographs).

250
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Figure 8. Frequency of soil textures encountered for each 1-it layer of rool-profile wall in trenches dug on
the New Orleans leveas along the ouifall canals into Lake Pontchartrain, the Lakefront of Lake
Pontchartrain, and along the Mississippi River levee soulh of Plaguemine, Louisiana and average
penetrometer readings for each texture classification,
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Root-profile wall with silt texture
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Root-profile wall with sandy soil texture
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Root-profile wall with sandy soil texture
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Weathered brick found in sections of London Avenue root-profile walls
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Buried cypress stumps within root-profile wall section
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Large pieces of buried concrete within root-profile trench
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Il. Results

Root Frequency and Radial Extent

For all species, the number of roots greater than 0.5 inches in diameter decreased
with distance from the base of the tree (Figure 9). Roots greater than 1.0 inch also
decreased with distance from the tree, but since substantially fewer roots in the larger
size classes protruded from the root-profile walls, the pattern was far less pronounced.
Because so few roots greater than 1.5 inches in diameter were counted on the 30 ft*
root-profile wall surface, no apparent relationship existed between number and distance
for this size class.

To determine factors influencing the number of roots above the three minimum-size
categories, correlation coefficients were calculated between the logarithm of root counts
and distance, and other tree and soil properties. The counts were transformed because
the decline in root counts with distance from the tree resembled an exponential decay
function. Distance was consistently correlated with the logarithm of counts for all three
minimum size categories (Table 6). For roots greater than 1.5 inches, distance was the
only variable that correlated with the log of counts. For roots greater than 1.0 inches,
stem diameter was also significantly correlated with root counts. For roots greater than
0.5 inches, stem diameter, tree height, and a simple volume index based on diameter
and height were also correlated with root counts. Soil strength was not correlated with
root counts for any of the root size categories.

Table 6. Correlation coefficients of logarithm of number of roots above three minimum rool-diarmeter

classes counted on the root-profile walls with distance from the tree and various physical characterislics
of the trees and soil. P value for the hypothesis r = 0.

Variable =0.5 =1.0 >1.5
r P r P r P
Stem diameter (D) 0.063 0.212 0.16 0.026 0.0432 0.657
Trae height (H) -0.072 0.22 0.05 0.557 -0.011 0.921
D sguared x H 0.068 0.244 0.135 0.114 0.0266 0.817
Crown diameter -0.173 0.008 0,119 0.219 0.154 0.231
Crown radius 0173 0.008 -(0.114 0237 0.087 0.453
Distance from tree -0.37 <0.001 -0.351 =0.001 -0.281 0.003
Soil strength index -0.04 0.455 -0.063 0.391 0.088 0.369

To simultaneously account for the effect of variables, the logarithm of root counts
was related to distance, species, depth, soil strength, and stem diameter using
covariant analyses and the General Linear Models procedure in SAS (ver 9.1). No
interactions were included in the model. For roots greater than 0.5 inches in diameter,
all variables significantly affected the number of roots protruding from a root-profile wall
(Table 7). For roots greater than 1.0 inch in diameter and greater than 1.5 inches in
diameter, all variables with the exception of soil strength affected root counts.
Coefficients for individual variables can be estimated with the General Linear Models
procedure: they are not unique solutions, but indicate direction and relative strength of
the effect. For each diameter category, the number of roots protruding from the root-
profile walls varied with species, decreased with depth, and increased with stem
diameter. Roots greater than 0.5 inches decreased with increasing soil strength. As
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Figure 9. Number of roots counted on root-profile walls above three minimum root-diameter classes as
function of distance from the base of the Iree by lree species.
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indicated by the value of R?, nearly 70 % of the variation in the number roots per profile
wall was left unexplained with this model.

Table 7. Resulls of covariant analysis for the legarithm of reol counts above three dilerent size thresholds for all
leves localions,

Size class
Variable df >05inch  >1.0inch  >1.5inch
P P P

Species 8 <0.001 <0.001 0.155
Horizon 2 <0.001 0.034 0.102
Distance 1 <0.001 <0.001 =0,001
Stem diameler 1 <0.001 <0.001 0,032
Soil strength 1 0.084 0.102 0.218
Error 372
R square 0.313 0.313 0.248

Apparent Maximum Radial Extent

The distance from the tree, where the number of roots protruding from a root-profile
wall was one or less, was assumed to be the maximum radial extent of roots emanating
from the subject tree to a depth of 3 ft. The actual tips of the roots were not located.
Maximum extents were determined for each of the root diameter thresholds. Caorrelation
coefficients between maximum root extent and tree characteristics were generally
significant for roots in all three diameter categories (Table 8). Maximum root extent was
significantly correlated with soil strength for any diameter threshold. Since soil strength
was related to soll texture (Figure 7), the absence of a correlation between
penetrometer reading and radial extent suggests there was no effect of the type of soils
encountered in these levee trenches and how far roots extend from the tree. For roots
greater than 0.5 inches and greater than 1.0 inches, the index of stem volume (D*H)
showed the highest correlation with maximum root extent: tree height and crown size
were the next most correlated variables. For roots greater than 1.5 inches in diameter,
crown diameter showed the highest correlation with root extent.

Table 8. Correlalion of maximum root exienl as measured by the distance from the tree of root-profile walls with less

than one rool above three minimum rool diameler classes with physical dimensions of the tree and penelrometer
readings.

Variable >0.5 >1.0 >1.5
r P r P r P
Stamn diamaeter (D) 0.303 0.043 0.183 0.135 0.272 0.021
Height (H) 0.547 0.001 0.23 0.042 0.168 0.234
D squared x H 0.64 <0.001 0.351 0.014 0.261 0.062
Crown diameter 0.56 0.001 0.267 0.091 0.418 0.006
Crown radius 0.571 0.001 0.284 0.072 0.263 0.092
Soil strength index 0.007 0.964 -0.059 0.632 0.018 0.878

The maximum radial extent of the roots is related to tree species, but the specific
rankings vary by the diameter thresholds of the diameter class (Table 9). The furthest
average extent was seen in roots > 0.5 inches in diameter for pecan. Sycamore roots
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extended the furthest for roots greater than 1.0 and 1.5 inches. The maximum extents of
sugarberry roots in the various size classes were approximately half the extent of the
pecan and sycamore roofs.

The maximum extent of water oak roots greater than 1.0 and 1.5 inches were nearly
the same as sugarberry. While specific species rankings varied with each diameter
threshold, species were consistently in the top or bottom halves of the rankings, with
exception of baldcypress. For example, the maximum radial extent of live oak roots
ranked second in the two smallest root thresholds and fourth out of nine in the largest
threshold class. The maximum extent of Drake elm roots ranked last in every class.

Table 9. Species ranking according to radial extent of roots for three minimum size thresholds for all
levee locations.

=0.5 inches >1.0 inches >1.5 inches
Species Max extent (fi) Species Max extant (ft) Species Max extent (it)
Pecan 34.4 Sycamore 25.2 Sycamore 21.2
Live oak 256 Live oak 19.2 Baldcypress 17.4
Sycamore 2586 Slash pine 19.2 Pecan 17.3
Slash pine 24.3 Pecan 18.4 Live oak 171
Baldcypress 22.5 Tallow 18.3 Slash pine 14.3
Water cak 221 Baldcypress 18.0 Tallow 13.2
Tallow 19.6 Sugarberry 138 Water oak 12.8
Sugarberry 15.8 Water oak 12.9 Sugarberry 11.6
Drake elm 14.7 Drake elm 8.7 Drake elm 9.7

The edge of the crown is commonly thought to demarcate radial root extension. If
true, the slope between the maximum radius of roots and crown radius would be one.
Our estimate of maximum root extent regressed against crown radius had slopes of 0.5
and smaller for three categories of root sizes. Plots of the resulting equations indicate
that on average, roots greater than 0.5 inches in diameter do not extend past the edge
of the crown, at least not in the direction of the levee (Figure 10). Roots greater than 1.0
inch and greater than 1.5 inches in diameter extend on average to half way between the
stem and the edge of the crown. As is evident in scattergrams of the data, linear
regression only explains 33% of the variation in the radial extent of roots greater than
0.5 inches in diameter; it explains less than 10 % of the variation in the larger root
categories.

Distance and Cumulative Fractions of Root Extent

Given the high variation in root extent observed in this study, probabilities of how far
roots extend may be more informative than deterministic approaches such as
correlation and regression analyses. Probabilities are determined by fitting probability
density functions to frequency data. While many probability functions exist, the 3-
parameter Weibull function possessed properties consistent with the nature of the data
and objectives of the analysis. The domain of the function in relative terms ranges from
1 to infinity, which corresponds to the uncertainty of the absolute maximum a root may
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extent from the tree. The function can be fit to absolute values as well as relative
values, The function can account for a variety of shapes, and it is easily transformed

a0

— > 0.5 nches
—_——a >1.0 inches
5 | =————— >1.5 inches .
L] *0.5 inches
o >1.0 inches
v »1 5 inches e

Maximum root extent (ft)

[i] 10 20 J0 L] 50
Crown radius (ft)

Figure 10. Scallergrams of maximum rool extenl estimaled as the distance from the tree that a root-
profile wall had less than 2 roots showing against the crown radius in the direction of the levee, Lines
fitted with linear regression.

into a cumulative probability function. With the cumulative probability function, the
distance from the tree encompassing specific cumulative fractions of root within a
volume of soil 3-ft deep and 10-ft across can be calculated (Appendix 4). The
cumulative fraction of roots contained in that volume increases with distance at a
decreasing rate, never reaching one. In other words, while the probability of finding
roots beyond a given distance diminishes with distance, it is never zero according to this
analysis. From a practical standpoint, this allows the probability of roots extending
beyond a certain distance to be compared to the risk of roots extending beyond that
point.

With the exception of the roots greater than 1.5 inches in diameter, the cumulative
Weibull function fit the accumulation with distance from the tree of roots counted on the
root-profile walls (Figure 11 a-c). The poor fits reflect the small number of roots counted
in the largest threshold class. No analysis was conducted Drake elm roots larger than
1.5 inches since only one root was counted in this size class. The end of the curves
corresponds to the maximum distance a root-profile wall was dug for a particular
species. These maximums are another expression of species differences in the radial
extent of roots.

The distance corresponding to cumulative fractions of 0.50, 0.90, and 0.95 of roots
counted on the root-profile walls were determined from the fitted cumulative density
functions for each species. Half of the roots greater than 0.5 inches in diameter
protruding on the root-profile walls were within 12 ft of the tree (levee side) for all but
pecan and sycamore. Pecan required the longest distance to account for 50% of the
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roots greater than 0.5 inches counted on the root-profile wall: 15 ft. Fifty percent of the
roots greater than 0.5 inches were within 11 ft of the tree for baldcypress, slash pine,
sugarberry, and water oak (Table 10). Ninety-five percent of the roots greater than 0.5
inches in diameter were counted on the root-profile walls within 37.8 ft of pecan trees.
Ninety-five percent of the roots greater than 0.5 inch in diameter were counted on root-
profile walls at distances of less than 28 ft for live oak, tallow, and water oak, and at
distance of less than 19 ft for baldcypress, slash pine, and sugarberry.

The paucity in the number of roots greater than 1.5 inches that were counted on the
root-profile walls produced poor fits of the Weibull function to the data collected for
water oak. Half of these roots can be expected within about 13 ft of the tree. The closest
distance where half of the roots in this size class were counted was slash pine at 9 ft.
Thirty feet was needed to account for 95% of the roots greater than 1.5 inches for
pecan. For the other species, 95% of the roots in this size class can be expected just
over 20 ft from the tree. Ninety-five percent of slash pine roots greater than 1.5 inches
are expected within 12.1 ft. of the tree.

Table 10. Distances associated with three cumulative fractions of roots above three minimum root diameters by
species. Distances determined from Weibull probability density lunclions filted to roots counted an 3 ft x 10 ft root-
profile walls and distance from the base of lhe tree.

Species >0.5 >1.0 >15
05 0.9 0.95 05 0.9 0.95 0.5 0.9 0.95
-ft e | ft

Baldcypress 10.7 15.8 18.0 10.5 15.5 17.6 10.7 15.6 17.7
Crake elm 10.5 12.7 13.6
Live Oak 12.0 21.5 25.6 101 16.2 17.4 2.5 131 14.7
Pecan 150 30.9 ar.8 133 25.2 30.3 132 249 30.0
Slash pine 10.6 16.4 18.9 10.0 14.6 16.5 9.0 14 12.1
Sugarberry 104 163 189 9.3 142 163 114 188 220
Sycamore 13.8 271 32.7 12.8 235 281 11.2 18.2 212
Tallow 1.4 223 271 10.0 17.8 211 10.0 17.8 21.2
Water Oak 10.9 17.8 21.0 a6 13.7 16.5 7.6 8.4 8.8
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Figure 11a. Cumulative fraction of roots greater than 0.5 inches as a funclion of distance from the base
of the trees for the various species included in sampie. Lines from Wiebull function fitted to root counts
using maximum likelihood. Horizontal lines indicate 0.5, 0.90, and 0.95 cumulative fraclions
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Figure 11b (continued). Cumulative fraction of roots greater than 1. inches as a funclion of distance from
the base of Ihe trees for the various species included in sample. Lines from Weibull function fitted to rool

counts using maximum likelihood. Horizontal lines indicate 0.5, 0.90, and 0.95 cumulative fractions.
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Figure 11¢ (conlinued). Cumulalive fraction of roots grealer than 1.5 inches as a funclion of distance
from the base of the lrees for the various species included in sample, Lines from Wiebull funclion fitted to
root counts using maximum likelihood. Horizontal lines indicate 0.5, 0.90, and 0.95 cumulative fractions.
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Effect of Soil Type on Cumulative Fractions

The physical properties of the soils were significantly different along and on the
levees of the outfall canals in New Orleans and the along the protection levees of the
Mississippi River. Adequate numbers of pecan and sycamore were sampled in New
Orleans and along the Mississippi River levee to investigate the effect of different soil
lypes on the cumulative percentages of roots with distance from the tree. Weibull
functions were fit to the root count data for each combination of species, location, and
depth. The distances corresponding to 50, 90, and 95% of the roots protruding from the
root-profile walls were analyzed with a randomized, complete-block design with depth
serving as a blocking variable. For roots greater than 0.5 inches in diameter, species
differed in the distance corresponding to all three cumulative percentages (Table 11).

Differences between levees were detected In the distance containing 95% of the
roots but at distances for smaller accumulations. At this distance, levee location and
species interacted in that 95% of the roots for pecan are expected at 35 ft in New
Orleans and at 45 ft along the Mississippi River levee, whereas 95% of sycamore roots
are expected at 22.5 ft in New Orleans area and only 21 ft along the Mississippi River
levee, No species or levee location effects were detected for any of the cumulative
percentages for roots greater than 1.0 inch. Levee location influenced the distances
associated with cumulative percentages of 50%, 90%, and 95% of roots greater than
1.5 inches in diameter. For this size class, longer distances are required along the
Mississippi River levee to encompass the same percentage of roots along the New
Orleans outfall canal levees by as much as 13 ft.

Table 11. Stalislical comparison of levee location (New Orleans oulfall canal levees (NO) vs. Mississippl River levae
MS)) and species (pecan vs. sycamore) on distance from the free (i) corresponding with three cumulative fraclions of
roots as determined from Weibull probability densily funclions lilled lo the data by species, locatlon, and horizon,

Species >0.5 inches =1.0 inches >1.5 inches
Levesa 0.5 0.9 0.95 0.5 0.9 0.95 0.5 0.8 0.95
Pl -
Pecan
NO 14.4 2849 349 13.0 24.9 301 10.8 204 245
MS 17.2 3649 455 141 26.0 31.2 146 267 318
Sycamare
NO 1.1 18.0 22.5 10.5 16.0 18.4 97 134 15.0
MS 6.0 17.5 21.0 14.4 274 33.0 13.8 241 28.6
P values for effecl
Species (S) 0.073 0.001 <0.001 0.43 0.355 0.348 0.573 0244 0218
Levee (L) 0.736 0148 0.038 0.123 0.189 0199 0075 008 00847
SxL 0276 0109 0.093 03 0227 02212 0.8955 0.564 0.52
df error G 6 6 4 4 4 8 8 B
RMSE (ft) 5.7 4 4 1.8 5.6 7.2 23 54 6.8
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The mean strength of the soil sampled along the levees in New Orleans was
statistically greater than the mean soil strength sampled along Mississippi River levee
south of Plagquemine (Table 12). Root growth may be related more closely to minimum
values of soil strength than mean values, but the difference in the minimum
penetrometer reading recorded near the Mississippl River levee was not statistically
different from the minimum penetrometer reading recorded along the levees in New
Orleans. The maximum penetrometer readings recorded at the Mississippi River levee
site was also only one unit lower than that recorded along the New Orleans levees, but
in this case the difference was consistent enough to be statistically significant.
Apparently, root extension of the pecan and sycamore trees was not sensitive to these
apparently small differences in either mean or maximum differences in soil strength
since canal location had no statistically significant effect on the distance associated with
the various cumulative fractions of root counts for any size class of roots.

Table 12. Stalistical comparison of mean, minimum, and maximum soil strength measured on and along leveas in
Mew Orleans and along a seclion of the Mississippl River prolection levee,

Levee Mean Min Max
MNew Orleans ouffall canal levees 12.5 10.2 14.2
Mississippl River levee 11.5 9.3 13.1
P values for effect

Levee (L) 0030 0210 0.053
df errar 4 4 4
RMSE (ft) 0.8 18 0.4

Root Depth

Exploration of root depth was conducted on abandoned sections of levee along the
Mississippi River. For selected species, trenches were excavated to the limit of the mini-
excavator used (about 7.5 to 8 ft deep). Ten trees representing 5 species were selected
(Table 13). Since the trenches exceeded a depth of 4 ft, measurements were generally
not taken of root diameters because of the possibility of the wall caving-in. Instead, we
measured root depths with a rule and made ocular estimates of diameters of roots
occurring at maximum depth within each trench. Occasionally accurate root diameter
measurements were possible from narrow benches of shallower depths. The
abandoned levees were covered with relatively young trees in most instances, but
occasionally trees were quite large. Since trees were often in close proximately to each
other, sample trenches were often placed between adjoining trees. Trenches were
expanded lengthwise or in other directions as needed to explore or trace roots that
seemed to be oriented in a more oblique or vertical manner. All estimated root depths
were for roots that appeared to exceed 0.5 inches in diameter.
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Table 13. Characlerislics of Irees selected on abandoned leves seclions for exploration of rools between 3 fi
and 8 it below the surface

Tree DBH (inches)

Species n
min max
Baldcypress 1 15.5 15.5
Live oak*® 1 1.7 20.4
Pecan 2 16.4 24
Sugarberry 5 7.6 20.7
Sycamore 3 13.8 26.0
*Forked

At least in the trench areas that we sampled, few roots of any size existed between
3 and 8 ft. We did not find any roots next to a baldcypress tree that were deeper than 4
ft. We measured three small sugarberry trees along a common trench and did not find
roots deeper than 4 ft. A 14.0-inch diameter sugarberry had a small root at 6.5 ft below
the surface at a horizontal distance of 7.5 ft from the tree. A 20.7-inch DBH sugarberry
had 0.5 inch diameter root at 8.3 ft depth and 1.0 inch diameter roots at 5.3 and 7.0 ft
depth. One pecan (16.4 inch DBH) with maximum root depths of 5 ft (0.5 inch diameter
root 8 ft from tree), 7.0 ft (7 ft from tree), and 7 ft (19 ft from tree), was accessed by
three trenches.

A 24-inch diameter pecan had 2-inch diameter root 4-ft deep and 1.6-inch diameter
root at a 6 ft depth. These roots were measured from a trench 8 ft downslope from the
tree. The tree also had one vertical root exceeding 1.75 inches at a depth of at eight
feet deep. Roots measured in a trench 10 ft upslope from the tree included a 1-inch
diameter root 6.1 ft deep along the back wall of the trench, a 1 inch diameter vertical
root in the bottom of the pit at 7.5-ft deep, and roots approximately one-half inch or
greater in diameter at 8.5 ft deep. Verlical roots that we saw penetrated to depths
deeper than we could excavate with the available equipment.

Roots from the live oak with a forked main stem exceeded half an inch at 4 ft depth,
but one root was traced 30 feet from the tree downslope until it was lost under a large
sugarberry. A 26-inch diameter sycamore was growing on a steep slope just above a
ponded area. In an adjacent trench 9 ft from the tree, three roots of 2-, 1-, and 0.75-inch
diameters were found at depths of 3.8 ft, 5.0 ft, and 6.9 ft, respectively. In a trench 13 ft
from the same tree, root diameters of 1, 0.5, and 1 inch were found at depths of 0.73 ft,
5.3 ft, and 6.1 ft, respectively. Large diameter roots do exist deeper than the 3 ft depths
we measured in most of the root-profile walls.
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Few roots of any size were found below 3 ft in a typical trench. The deepest the
miniexcavator could reach was 8.5 ft,
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No roots deeper than 4 ft were found next to this baldcypress tree.
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Trenching pattern resulting from tracing one deep root between two trenches.
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One root was traced between two parallel trenches to a depth of 8 ft. The mini
excavator could not dig below that depth. Deep roots were few in trenches excavated
on the abandoned Mississippi River levee sections that were explored
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Trench excavated upslope of a pecan tree on an abandoned levee section.
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lll. Data Gaps and Future Research

The largest deficiency in this study is the paucity of roots in the larger diameter
classes (within the 10 ft trench per tree), especially those greater than 1.5 inches in
diameter (Table 4). We counted 8 roots > 1.5 inches in diameter for water oak in our
sample, and excluding pecan and sycamore, 2 roots in this size class per species was a
typical count. If the ratio of larger roots per root-profile wall is typical, another 200 root-
profile walls would need to be dug to equalize the sampling frequency of roots > 1.5
inches with the sampling frequency of roots > 1.0 inches.

The number of species included in the study appeared representative of the
dominant species along the New Orleans outfall canals. Live oak, pecan, and water oak
were sampled most frequently. Sugarberry was numerous along the levees, but few
were sufficiently isolated to adequately sample roots for an individual tree. Additional
root-profile walls for the underrepresented species would strengthen species
comparisons.

Equations for describing the number of roots protruding from a root-profile wall as a
function of distance from the base of the tree accounts for at most 31% of the variation
in root counts - 25% for the largest size class of roots. Consequently, estimates of
maximum radial extent of roots of the various size thresholds are extremely variable. In
the smallest size class, the maximum extent varied from 20 to over 50 ft for the largest
trees (Figure 11a-c). The only means of increasing the reliability of that number is to
increase the number of trees sampled. Our recommendation is to continue development
of the probability of roots of a given minimum size class that will extend past a specified
distance. While larger sample sizes would improve these estimates, probabilities
overcome the possible liability that some minimum safe distance exists.

Sampling and time limitations confounded two questions: how far do major roots
extend and how do roots behave within a levee section. These questions can be
formulated as one question: does root extension change when encountering a levee?
To answer that question root growth and extension need to be measured on
undisturbed sail, for urban conditions. Access limitations and obvious land owner
concerns prevented us addressing this question directly. We were able to address the
question indirectly by comparing root extension of pecan and sycamore in the batture
area of a small section of the Mississippi River levee with the root extension of the same
species along the New Orleans outfall canals. Roots extended significantly longer in the
river sediments than in the levee sections for the largest root diameter thresholds (Table
11), but only 101 roots were counted in this size class for these species on 74 root-
profile walls. A more direct answer to the question would be available from comparisons
of sample root extent of pairs of trees, one growing on a typical urban soil and a twin
with roots growing into a levee. While some root-profile walls were excavated at the toe
of the levee, we could not make a reliable estimate of the radial extent of larger roots
from the base of the tree because of species variation and the relatively high number of
trees positioned on the toe of the levee.

Since most of the root-profile walls were excavated within levee sections, soil types
encountered were predominantly disturbed soils from a biological perspective:
homogenous clay or silt fills with some degree of compaction. Even in river or marine
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sediments, heterogeneity exists and influences root distribution. Three aspects
concerning soils effects on root growth need further study for predicting root behavior
near levees: (1) the effect of compaction of homogenized soils; (2) the effect of
homogenization; and (3) the effect of soil texture.

Our limited exploration of deep roots on lwo abandoned levee sections suggesls
that deep roots are uncommon but do exist. Sampling was limited and necessarily
unstructured given their apparent rarity. This is a time-consuming, expensive method for
sampling deep roots. While greater exploration may eventually improve the ability to
predict the probability of root distribution, geotechnical tests of the effect of large, deep
roots on levee integrity is needed to determine the actual risks these roots have on
levee failure, especially for trees that die. Construction of a physical model should be
possible to explore the effects of root channels on outfall levees. These studies would
complement additional field sampling and analysis of the distribution of large tree roots
near levees. Given the extreme depths and radial extents that have been reported for
tree roots, some degree of root intrusion should be expected from trees on property
bordering levees.

Another important question that could not be addressed in this study is how far a
tree must be from the levee toe to avoid a tree falling in high winds and the root ball
destroying the base of the levee. Intuitively, while the size of the root ball varies
inversely with soil moisture, larger trees create larger pits and thus, must be further from
the toe to avoid weakening the levee. High wind events create convenient opportunities
for collecting data on the diameter and depth of the pit created by windthrown trees as
well as species, stem diameter, and the gravimetric soil moisture content of the
surrounding soil. Other useful information such as true crown spread and tree height,
would be difficult to measure on downed trees since branch angles change when not
supporting their own weight.

Predicting the vulnerability of individual trees to windthrow is extremely difficult
because tree failure is not a function of mechanical properties of tissue or even
individual organs such as stems and branches but a function of the structure and
developmental history of the entire tree. For example, stem breakage usually occurs at
higher wind speeds than wind throw; consequently, stem breakage is not so much a
function of “weak” stemwood but strong root anchorage. Pine trees often break instead
of tipping because of tap roots. Stem defects and past injuries create nolch stresses
that would cause breakage in trees that would otherwise tip. Structural data can only
collected on standing trees. Therefore, an inventory of trees on levee right of ways
would create a data set that in association with storm-damaged trees could be used to
develop a hazard rating system for trees along outfall canals and protection levees. This
information would provide quantitative support for removing or leaving trees near levees
based on windthrow risk. The i-Tree.org has developed an inventory system for urban
trees that could be used as a template for identifying and collecting tree data. i-Tree.org
is a cooperative of Federal, state, and private agencies with the goal of assisting urban
areas to manage urban forests. The USDA Forest Service hosts a database on tree
failures (http://svinetfc2.fs.fed.us/natfdb/). This database currently contains more than
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5000 reports of tree failure. It is a source for relevant variables to record on storm-
damaged trees and for information of modes of failure for various species and genera,
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ARPENDIX 1 - Measurement and Sampling Chagrams
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Figure & 1.2 {a-¢). ldealized root-wall-profile trench fayouts for seueral measm@ment scenarios.

A Sceiario A was Ulilized on the levees of the London St. and the 17" St. outflow canals. We placed the
trench direclly adjacent ko the right of entry and followed with subseguenl trenches at 6 fost intervals
undil few or no raots were found or until we reached 3 feef of the leves wall. The pattern of
subsequent frenching is the same after gach iniiial trench regardless of its position.

8 Scenaric B occurred on the levess of the London St and the 17™ St. outfiow canals. When the tree in
queslion was wilhin 9 feet of the right of entry, we placed the first french at approximately 9 feet from
the stem of the trea.

C: Scenario © was common on lhe levees of the London St. and the 17 St. outflow canals. Often a
fence was erected at the tog of the leves and the subject tree was dirsclly behind the fence. In this
sitvalion, we placed the first trench 9 feet away from the stem of the tree,

D: Scenario B occurred on the levees of the London St and the 17" 51, outfiow canals. in several cases,
the subject tree was located in a yard that had a fence outside The right of enlry. in this case, we

placed the first trench as close to the fence as possible. If the fence was wilhin 2 fast of the tree, we
placed the trench at 9 feet.
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Trenching Diagrams — Profila {cont,}
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Figure & 1.2 (e-g). dealized root-wall-profile trench layouts for several measurement scenarios,
E: Scenario E was generally employed on the leveas of the Orleans outflow canal. If the distance from

lhe tree Lo the loe was greater lhan 8 feet, we pul the first trench at the toe of the levee so that the flat
ground of Cily Park was not disiurbed.

F: Scemario F was used al the Qrleans oulflow canal when the tree in question was within 9 fagl of the
leves loe, In this case, we placed the first trench 9 feel from the ree.

G Scenario G was commenly found on the Penlcharlrain Lakefronl and the Old Mississippi River leveas.
Trees were generally more than 3 feet away from Lhe toe of Lhe lgvee so the first trench was usually
located on flat ground. The reots never exlended to the top of the leves in either of these locations.



APPENDtX 2. Published calibration data of Lang penetrometer from
hitp:/fwwew langanalytical. comiTechnical%20Data%205heet . htm
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APPENDIX 3. Decision guide for determining soil texture by feel.

Guide to Texture by Feel
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Appendix 4. Parameters for 3-parameter Weibull probability density function detarmined with
maximum likelthood for the three root-diameler threshold classes for the species sampled along
the New Orleans outfall canals, and the protection levees along the Lake Pontchartrain and a
short section along the Mississippi River. These parameters are used for the sguation

x=8[-In(1-P) “ +a,
where x= the distance from the freg corresponding to the cumulative fraction P of roots counted
on a series of root-profile walls at increasing distance from the tree.

Species =0.5 inches . =1.0inches . _15inches

o a b c a b ¢ & b C
Baldcypras
s 3.436 3.826 1.196 8.372 3.698 1.202 3585 3128 1.023
Live Oak 7.900 5922 0.010 7.889 3181 1.003 7.829 2285 1.004
Pecan 8200 9873 0.010 8200 7.373 1.000 8199 4163 0.573

Slashpine 8007 3610 1.003 8098 2815 1004 8084 1370 1.038
Sugarberry 7.800 3.721 1.002  7.182 4.500 1477 8200 4604 0.010
Sycamore  8.200 8187 0010 8193 6653 1.002 8195 4374 1.005
Tallow 6.630 7.588 1.113 6677 5034 1.044 6693 4.858 1.005
Water oak  7.800 4.408 0.010  7.800 2577 1.001 7276 1.000  2.000
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Abernethy, B, and 1, D. Rutherfurd, 2001, The distribution and strength of riparian
iree roots in relation to riverbank reinforcement, Hydrological Processes
15:63-79,

This paper investigates the voot svstems of two Austrahan riparnan trec
specics: swamp paperhark (Melolewca ericifolia) and nver red gum
{Encebvptus camaldifensiz), The root densily were assessed at each of the
sitcs by mapping the size and location of all roois miersected by a number of
vertical profile walls dug at various distances between the tree lrunks and the
canopy driplines. Variations in root density were assessed at cach of the sites
by mapping the size and location of all roots intersected by a number of
vertical profile walls, The walls were dug at various distances between the
tree trunks and the canopy driplines. Details on how the roots were ¢lassed
ancd mupped were deseribed lwther in scction of yoot distributicn. Root area
ratio {R AR}, relalionship between root diamceter and root strength, and
hetween rool diameter and rool tensile strength were discussed. The
reinforcement drops off very quuickly with depth and with distance lrom the
troe. The interspecies differences in the strength of hiving roots have less
signilicance for bank reinforcement than mterspecies differences wn rool
distribution.

Barton, C.¥. M. and IK.1}. Moentagu, 2004, Detection of tree roots and determination
of root diameters by ground penetrating radar under optimal conditions.
Tree Physielogy. 24:1323-1331.

Tested the ability of GPR with S00MHz, 800 MHz, and 1 GHz antennas o deteci
roots and root sizes of buried root samples. Roob samples were buned al vero o
3.9 mches (10 cmy), 19.5 inches (50 cm) and 5.2 to 1550 inches (15 to 155 cm).
The 800 WH. samples produced the best results. Roots as small as 0.39 inches
{1.0 cm) could be detected as the root mean squared crror of prediction equations
were .24 inches (0.6 em). Only scans perpondicular to roots give quality data.
Neoded hyperbola of signal reflections are nol made loi roots parallel to the scan
and those not perpendicular produce distorted hyperholas, High clay, high water
contitent and salt containing soils attenuate the signals ramdly so detection vn
linmited to near the surface {(depths of less than 3.2 £t {1 m)). The authors indicate
ihat eloscly spaced roots as with tree root systenis produce confusing profile
resulls as interactions of hyperbolas from each target are produced. Signal
conditioning and soltware can remove some problems, but are still not affeetive
for many applications. Signal strength is confounded by depth and cannet be used
alone detenmining root diameter. Waveform paramcters conld be uscd to detect
root diameters of vools sccurately when scanned at right angles to the rools, in
uniforin dry sandy soils 1o a depth ol 4.9 [1 (1.5 m).



Batey, T. and D. C McKenzie, 2006. Soil compaction: identification directly in the
field. Soil Use and Managemenr, 22:123-131.
It is interesting that one section "patterns of root development” in this paper
discussed how roots react when they meet compacted soil. Roots growing in a
compact layer are often much thicker and distorted on appearance, intend to run
horizontally, and so on. In subsoils of sand, rool penetration may be restricted to
no more than 3.1 to 3.9 inches (8-10 em). The roots appeared swollen.

Berry Allison 2007, Trees and levees: How and where do tree roots grow?
Vegetation challenge symposium. Sacramento, California August 28, 2007.
http://www.safca.org/LeveeVeg-SpeakerPanel.him
The presentation provided an introduction to basic tree root behavior and some of
the anomalies that occur. It also reported on recent and ongoing investigation of
tree roots in the Central Valley of California. The speaker contrasted the root
character of cottonwood, Douglas-fir, and valley oaks. In a study at Mayhew in
Sacramento the author began an investigation on tree roots in levees. The work
presented related to three mature oaks with one used as the representative for the
others. The author used the root wall profile method of mapping roots. The [.-
shaped trench was 48 fl (14.6 m) long, 4 {1 (1.2 m) deep and approximately 14 it
(4.2) from the trunk of the tree. Roots were dotted on acetate sheet and sizes were
recorded. Roots were not found when soil bulk densities exceeded 101.8 1b/ft3
(1.63 g/cm3) in a sandy loam soil. Most roots measured in root wall profile
technique were in the upper 2 ft (.6 m) of soil. Few roots were found between 2
and 4 1 (.6 - 1.2 m) of depth. Ground penetrating radar was used to search lor
roots deeper than 4 ft (1.2 m). Initial data indicated large roots, those greater than
1 inch (2.54 em) in diameter, occurred at depths of 4 10 6 f1 (.6 - 1.2m). The
author suggested some roots may be growing beneath the levee, One actual
sample, below 4 ft (1.2 m), revealed roots in the 4 to 6 foot depth (.6 — 1.2m).

Bischetti, G.B., E.A. Chiaradia, T. Simonato, B. Speziali, B. Vitali, P Vullo and A.
Zocceo, 2008, Root strength and root area ratio of forest species in Lombardy
(Northern Italy). Plant and Soil. 278:11-212,

This paper presents a synthesis of the data gathered i the last five years for some
species in different locations of the Alps and preAlps of Lombardy (Northern
Italy). The objective was to test rool tensile strength and Root Area Ratio (RAR)
distribution within the soil for various species and compare the findings with past
research. Tensile strength tests were carried out for eight species (green alder,
goat willow, red willow, beech, hazel, European ash, Norway spruce and
European larch), Live roots of these species were gathered and tensile tests were
carried out within one week. If more than a week elapsed, one of three options
was used. The roots would be dried then reconstituted with water, {rozen in water,
or dried and reconstituted with alcohol. Only roots 0.19 inches (5 mm) or less
could be used as larger roots either broke at the point of the clamp or slipped
through. Tensile strength was calculated by dividing the peak load by the cross-
sectional area of the root European larch (Larix decidua), hazel (Corvius avellana)

3



and Lwropean beeeh, (Fagrs syfvaticn) had the highest mean tensile strength and
Curopean ash (Fravines excedve) and green alder (Afias wiriefis) had the Jowest,
Rool Area Ratios were as expected: they decreased wilh mereasing soil depth. In
mosl cases the maximmm RAR values were located in the first 11.7 inches {30 cam)
el the maximun depth s about 3.2 £t {1 m). These results confinm what has been
reparted to date. Comparing tensile strength for beech and Norway spruce, it

seems that environment docs not significantly affeet tensile strength - a contrast

to past rescarch, The paper continues on to discuss speci(ic ree rool ensile
strength in more detail.

Bolte, A., T. Rahimaan, M. Knhr, P. Pogoda, D. Murach and K.V¥. Gadow, 2004,
Relationships between tree ditnension and coarse root biomass in mixed
stands of European beech (Faguy spdvasica 1.) and Norway sprnce {(Piceq
abies [1..] Kavst,), Plant and Soil, 264: 1-11,

Relationships belween [ree parameters sbove ground and the biomass of the
coarse Yool system were exammead in six nuxed spruce-beech stands. Coarse roots
{d greater than ar equal to 0.078 inches {2 mm)) of 42 spruce and 27 beeeh trees
were sampled by excavating the entire root system. The length and radius of every
coarse roat were measurcd. A framework for reeording coarse rool dimensions
was discussed. The R® show strong relationships between the coarse raot biomass
{(CRB, dry weight) and the corresponding tree dismeter at breast height (DB11)
(R? —0.92 for spruce and 0.94 for beech). Site conditions of varying climate and
sotls and mterspecific tree compention are likely to affect root/shoot ratio and
DBH-course rool biomass relahionships.

Brooks, J.R., I.C. Meinzer, R. Coulombe and J. Gregg. 2002. Hydraulic
redistribution of soil water during summer drought in two contrasting
Pacific Northwest coniferous forests. Tree Physiofogy. 22:1107-1117,

Study of the hydraulic redistribution of soil water suggests roots arc abie (o bring
water from niore than 6.5 §t {2 m) depth to the soil above for use by trees and
other plants during dry periods. Llydraulic redistribution was measured in hath
Dougtas-fir and Ponderosa Pine. Although root system depth was known 1o
exceed 4.9 ft (1.5 m), root system depth was not mcasured. A partial excavabion
of root systems of several frces indicated numcrous woody sinker rools extending
to depths greater than 4.9 fr (1.5 m). Numerous sinmlar studies from around the
world could be interpreted to sitggest similar hydrauhe redistnbution results for a
jarge number of species. Authors indicated that al the e of publication, meore
Lthan 60 reporls of hydrauhic redistnbution had been pubiished.

Brown J.H., and F.W. Woods. 1968, Root exteusion of trees in surface soils of the
Narth Carelina Piedmont. Bovanical Gazette, 129{2):126-132.
This study invelved treating the soil walh radioioding in a carmer solution and
momtoring the uplake hy the rools and slems to determine how far trec roots
extended. A total of 703 slems were studied and species were grouped as:
sourvrond, dogwood, red cedar, hickories (all Caryer spp.) white oaks (O afba and
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Q. stellata), and black oaks {Onercus specics: black oak (vefusing), southemn red
oak (falewte), scarlet cak feoccineq), ved oak frufra and blackjack oak
{(amarilondica)). Upon conclusion, the authors lound thal white cak roors ave able
ta pull-in solution from greater distances and at a higher percentage {(percent of
trees that tock up radiciodine). Around 98 percent of the trees showed signs of
radiciodine [rom rools 13 (4.3 m} from the trink, Dogwood showed the shortest
distance and percentage and all others were fairly even. There was a signilicant
drop-off i the percent of trees showing uptake at around [5 [t (4.5 m}. Maximum
distance of recorded uptake (root length) ranged from 31.8 A (9.7 m) for dogwaood,
3334t (14001 m) for red cedar to 31.6 [t (9.6 m) lor hickory, Maxhmum distances
for the white oak and black oak groups were 381t (11.6.1m) and 11.7 {1 (3.5 m),
respectively.

Burgess, 8.0., M. Adams, N. Torner aud C. Ong. 1998. The redistribution of soil
water by tree root systems. Oecologia. 115:306-311.
This article examines the proeess ol hydraulic redisiribution of water by trec roots
both upward in dry conditions and downward in wel conditions. The authois
calculated root sap Now using s modified heal pulse method to determine the
level of redistribution in boih sitk oak (Grevillea robusta) and tiver redgum
{ Frucafipins camaldidensis). Before rain, rates of flow in lateral roots of silk osk
(. rebustha were negative indicating that water was moving away from the stem
base toward the root tip. This happened only at night and during Limes of low
transpiration. After rain, sap flow was positive, indicating that water was taken up
from the surface layers. The data strongly supports the hypothesis that water is
redistributed cither up or down whenever the water pulential of roots is uncqual.

Burgess, §.5.0. and T.M., Bleby, 2006. Redistribntion of soil water by lateral roots
mediated by stem tissues, Jowrnal of Expervimenral Botany, 57(12):3283-3249],
Roots redistribute soil water through the process of hydraulic lift or hydraulic
redistribution. Study was designed 1o elucidate the soil water redistreibution and
flow pathways. The area of study was 1 weslern Australia and soils were ol
sandy loam to clay loam texture, Primary species were salimon goun (Zwcealyprtus
safmonaphioia) and eucalyplus wandoo (F. wandoo). Substantial and rapid
hydraulic redistribulton gecurred wmong roots after rains, suggesting transier of
water anmong rools al different depths. The importance of this information s i the
wilhdrawal of water from soil of different depths and the tranzsler of water to other
so1l zones, The fransfer of water antong roots suggests aid in rool growth and
survival during water shortages within the soil prolile.

Burgess, 8.0, L5, Pate, M.A, Adams and T.E. Dawson. 2000, Seasonal water
acquisitien and redistribution in the Australian woody phreatophyte,
Banksia prionates. Annals of Botany 85:215-224.

Study examined hydraulic lift during the dry scason {or the species acomn banksia
ar orange banksia (Hanksia priguotes). Authors suggested (hat extremely dry soils
may limit the theory ol hydraulic It especially in soils were seasonal changes
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affected soil moisture. By using dye injections and a “heat ratio™ method, the
nvestigators were able to demonstrate the reversible flow of xylem sap in lateral
roots and also the outward flow of water from the fine fecding rools of Bankyie
prionafes. The stady strongly suggested that lateral roots of the species studied
could both absorb and exude water in response ta gradients in water potcntial
belween root and soils. Data also suggested that dry condilions would reduce the
amount of water lost from this species’ roats either duc 1o the moitality of fine
roois or hiydraulic discontinuity in the soil matrix but would not completcly stop
water loss.

Butnor, . R., .I.A, Doolitile, L. Kress, S, Colien, and K. 11, Johnsen. 2001, Use of
ground-penctrating radar to study tree roots in the sontheastern Cuited
States, Tree Physislogy. 21:1269-1278.

The study tested the wse o groumd penetrating radar (GPR) to cxamine raot
distribution in several forested areas ineluding southern Picdmont, Caralina
sandhills and Atlantic coast flatwoods. Tests of antenna ol 400 MHz versus 1.5
(xH» were also inctuded, GPR performed well on sandy soils with roots
perpendicular to the scan sweep (1 =0.55), but were noi acdequate in clay soils,
excessively wel soils, soils with obstructions of various sizes, when roots were
touching or w close proximity to one another, and when roots were 1ol
perpendicular to the scanning radar, Uneven surface soil also presented problems.
Resulls were reported for depths ranging trom 0 to 7.8 inches and 7.8 to 15.6 inch
(0 10 20 cm and 20 1o 40 cm) depths. Water tables severely distort reot signals and
roots arc missed. Live roats could be detected to less than 0.2 inches (0.5 em) in
diameter, but dead and decaying rools less than 0.2 inches (5 em) in dimmeter
went undelected. Root deteetion in heavy clay soils was poor and inclusions ol
coarse frugments were casily mistaken for tree voots, Similar results were reported
lor sorls with coarse rock fragments. The lower MHz antenna provided a better
meture of roots above 1.4 inches (3.7 em), but simaller roots went undetoeled.
Comelations to root diameter generally decline with depth. According to the
authors, soils with high electrical conductivity dissipate the vadar and severely
restrict observation depths. Clay content also decrcases signal strength and
detection depth hmiis,

Butnor, I.R., I.A. Doolittle, K.H. Johnsen, L. Samuelson, [, Stokes and L. Kress.
2003. Utility of ground-penetrating radar as u root bioinass survey tool in
torest systems. Soif Science Society of American Journal. 67:1607-1615.

This study was conducted in a 5-year old loblolly pine (Pinus taeda) plantation en
uniform soils of a loamy sandy and loamy texture that were well drained to
cxcessively well draincd. Under these nearly perfect conditions; Ground
Penelrating Radar {GPR) was used to depiet root volume of roots at the mid-paint
between trees in cach row sumpled. Thus the mujority of roots were perpendicular
lo scans. Scanning occurred in control blocks, irrigated blocks and fortilived
blocks. After background noise removal and data transfommation, good agreement
was reached between GPR data and rool data from soil cores, Corrcctions were
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necessary 1 the fertilized plots, stnee root volume was much cnhanced. The
authors stress the need to calibrate for cach soil condition cven when the soils are
sinuilar, and the neecssity of uniform site conditions. Ferblization significantly
impacted the amplitnde ol the scan signals. Grealer dissaipation of signals reduces
accuracy or depth of scamng, but i this study, rools were onby scanned to 11,7
inches (30 em). Four hows ol scanming could produce 1000 linear feer (305 m) of
scanned area in a narrow strip. Successful scanmng required an even surfacc with
ey imore than pine needles as disroption,

Caldwell, M. M., T £, Dawsen and J. H. Richards. 1998, Hydraulic lifi:
consequences of water efflnx from the roots oi ptants. Qecologia.(1998)
113:151-161.

Abstract: Hydraulic lift is the passive movement of water from roots mlo soil
{ayers with lewer water patential, while other parts ol the rool system in moister
soil layers, usually at depth, are absorbing water. Here, wo review the brief
history of laboratory and ficld cvidence supporting this phenomenon and discuss
somg of the conscquences of this helow-ground hehavior for the ecology of plants.
Hydraulic 1ift has heen shown in a relatively small numiber of species (27 specics
of herbs, grasses, shrubs, and trees), but there 13 no fundamental reason why it
should not be niove common as long as active root systems arc spanning a
gradient in soil water potential (Y.) and thal the resistance to water loss from
roots is low. While the majority ol documented cases of hydhvaulic bft in the ficld
ave for senuarid and arid lamd species inhabiting desert and steppe environments,
recent studies indicate Lhat hydraulic Lift1s not restricted to these specics or
regions. Large quantities of water, amouiting to an appreciable fraction of datly
transpiration, are lifted at night. ‘This temporary partial rehydration of upper soil
laycrs provides a souce of water, along with soil moisture deeper in the profile,
lor transpiration the [oliowing day and, under conditions of high aimospheric
demand, can substantially facihtate waler movenent through the soil-plant-
atmosphere system. Release of waler into the upper seoil layers has been shown to
afford the opportuntty for neighboring plants to utilize this sowrce of water. Also,
because soils tend to dry from the swiace downward and nutricnts are usually
mast plentiful in the upper soil layers, lifted water may provide moisture that
facilitates favorable biogeochemical conditions for cnhancing mimeral nutrient
availability, microbial proeesses, and the acquisition of nutrients by roots.
lydraulic lift may also prolong or cnhanec finc-root activity by keeping them
hydrated. Such indireet bencfits of hydraulic 1ift may have been the primary
seleetive forec in the evolution of this process. Allematively, hydraulic lift may
simply be the consequence of roots not possessing Lue rechifying properties (i.c.,
roots arc leaky to water). Finally, the direction of water movement mmay also be
downward or horizontal if the prevailing . gradient so dictates, i.e., inverse, or
lateral, hydraohc hit Such downward moveiment through the root system may
allow growth of roots wn otherwise dry soil at depth, permitting the catablishment
of many phreatopliytic species.



Campbell, K, A, and C. D, B Hawkins. 2003, Paper birch and lodgepele pine root
reinforeement in coarse-, medium-, and fine-textured soils, Can J Forest Res.
33:1580-1586.

Root remforcement 15 affected by seil physical properties. Removal of vegeration
reduces slope shear resistance, and may causc mass {ilure. This paper comparcd
Lthe contrbution of paper birch (£ertle papnvrifere Marsh.) and lodgepale pine
{Pinees contorta Dougl. ex Lowd. var. farifodic Engelm.) roois (o soil resistance. A
somotube experiment included six birch, one pine population, and a control (ne
lirees planted), The tubes were filled with coarse-, medinm-, and fine-texmred
soils. Iive trees per tube were planted lor each species. A shear device was buill.
Reznlts showed roots of paper birch and lodgepole pine trees contributed 1o a
significant incrcase in soil shear resistance, regardless of soil type. Al a shear
depth ol (165 10 1.44 ft {0.20 te 0.44 m), paper birch contributed greater
remforcement than lodgepole pine. Both birch and prte provided the most root
reiforcenient in coarse-texturcd soil and the least reinforcement in mediwmn-
textured silt soil.

Canadeli, I, R.B, Jackson, J.B. Ebleringer, H.A. Mooney, O.E. Sala, and E.D.
Schulze, 19%6, Maximnm reoting depth of vegetation type at the global scale.
Occologia. 108:583-595,

This wrbicle summanzes maximum rooting depths of species belonging to major
temestrial biomes (boreal forests, croplands, desert, sclerophyllous shrubland,
temperate conifcrous forest, temperate deciduous forest, temperate prassland,
tropical deciduous forest, tropical evergreen forest, tropical grassland/savanna,
and tundra). A total of 290 observations were compiled containing 253 different
plant species, 194 of which had roots at least 6.5 ft (2 ) deep, 50 had roots of
164 11 (5 m) or more and 22 had roots 32.8 £t (10 m) or more. Desert plants
produce very deep roots allowing them to tap into deep waler sources. Overall,
frees produce the despest roats followed by shrubs, herbaceous plants and then
crops. The maximum rooting depth of cach of the hiomes was as follows: Boreal
forest — 10.8 ft (3.3 m} by lodgepole pine, (Pimes contoria); Crops 12,1 1(3.7 m)
by alfalfa {(Medicage sutive), Desert — 1738 f1 (53 m) by mesquite (Prosapis
Sfudiffora), Selerophyllons shrubland and forest — 43.3 ft (13.2 m) by shrub Lawrel
sumac (Rhus fawring and 131.2 N {40 m) by tree Jarral { Evcalyptus marginatal,
Temperate conilerous forest — 24.6 fi (7.5 n1) by Allepo pine (Pinus halepensis);
Temperate deciduous forest — 14.4 ft (4.4 m) by Bur oak {Quercus macrocarpal;
Termperate grassland — 20.6 1 (6.3 n1) by both forage kochia (Kechia prosirate)
and rush skeletonplant (Lygodesmia funcea), Tropical deciduous forest — 15.4 ft
(4.7 m} by kuayun (Gironniera subaeqiafis), Tropical cvergreen forest — 59 11 (18
m} by Shepard’s Lree (Boscia albitrunca), Tundra 2.9 [1 (0.9 m) by diamond-
leal wallow {Sefix planifofia). Tundra plants arc limiled by permafiost.community,
Tropical grassland and savanna — 223 ft (68 ) by shepard’s iree { Hoscia
altiitrunca); Tundra - 9 meters by diamondleal™ willow (Safix planifofia). Tundra
plants are limited by permafrost,



Clinton B. D. and C.R. Baker. 2000, Catastrophic windthrow in the southern
Appatachians: Characteristics of pits and mounds and initial vegetation
responses, Forest Ecology and Management, 126:51-60,

A summmary and characterization of pit and mounds produced by 14 species of
lrees blown over during catastrophic winds is presented for the Coweseta Basin in
western North Cavoling. Most damage ocecurred at upper slope and ridge tops.
These positions contained larger regs with fult erowns, Tl and mound
characteristic (root ball size) were not related to ree size or species, bul were
venerally larger in shallow soils and saturated soils.

Coder, K.D. 1998, Root growth control: mapaging perceptions and reality, The
landscape below gronnd I1. Lo {ed.) Neely, . and G. Watson, Proceedings of
a second fnfernational workshop on tree root development i wrban soils.
laternational Society of Avbovicultare. pp 51-81.

Thiz 15 a review paper concentrating on some of the mispereeptions related to tree
root damage brought aboul by Maws i enginccring. The paper prescats an
impartant swnmary of what 1s kngown ahoul rool growth in urban cnvironments
and presents some information on resolubions. I covers gencral principles ol root
growth, growth mechanics, growth forces, wnd changes that occur as soil
cinvironment changes. Some of these conditions are related o the building of
structurcs and the relationships o trees commonly oceuning n developed
cnvironments, but the paper misses some nuances assoctated wath Uree species that
can handle certain extremes, such as, penmanent or near constaint flooding.
However, taken in this context, the information is still useful. The most useful
parl of this paper is the review of methods for controlling root growth, Cutside of
“lree-lilerate” design and avoidance of putting trees near structures, the author
provides a discussion of six mcthods of root growth control. The best of these
inethods 15 the inclusion ol large air gaps. Root growth is prevented by building
supporting stone matrices with large air spaccs, instead of fine materials, which
makes ares sumounding the slone extremely well-drained and impermeable to root
penctration. Two-dimensional bamers are also mentioned, the plus being thal they
arg conumercially available, The downside 1o these barriers 1s Lhat soime rools
always manage to get past the bamers, Tf most cases, these bamiers are only 12 to
24 inches deep (30 — 61 cm), but are alse available wn depths o 60 inches (152
em}. wMost problems with barriers is the root egress. Egress can aoccur over the top
of the barrier when damage to the barrier occurs (frequent); or roots commonly
are forced down below barricrs only to grow back toward the swrface onec they
exit below the barrier, Rools can also grow thiough cracks (made duning
installation) in the barriers. Traps, deflectors, and inhibitors can be parl of the
barricrs; cach of these has its own strengths and weaknesses, Placement of
harriers away from cxisting trees and roots is essential to hnproving their success.
The remaimng types ol root control systans were normally less effective.

Coreoran, MLK., P. Bailey, C. Little, and F.Pinkard, 2007, Literature review and
preliminary assessment. Yegetation challenge symposinn. Sacramento,
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California August 28, 2007, http://www safea.org/LeveeVeg-
SpeakerPanel.htm

The presentation provided Lhe methodology used for a litcrature review on
vegelahon effects on levees, The objectives of the litcrature review were 1o
summarize the pertinent litcrature and identily data saps. The Hilerature review
was to inchude wider array of docunients than those contaimed just in the referced
journal litcrature and included all types of vegelation and international literature.
Literature review ig noi ciied i the materials available, but speaker did indicale
thal about 1440 papers were included in the literature review and 18 of those dealt
with vegetation on levees. Of thosc, cight appeared Lo be on Lthe same research but
published in multiple outlets.

Coutts, M, P., 1983, Root architecture and tree stability. Plant and Soif 71:171-188,
Root anchorage is discussed by applying lateral forces to Sitka spruce voot
systenis with a winch to pull the tree over, Ficld measurements included the
applied force, angles of inclination, soil and rool moveiment, uming of the sound
of roat breakage using buricd mierophones, weight and shape of the root-soil
platc, damage to the roots, dimensions and mass of the root-soil plate levered
trom the ground by the displaced stem, tensile strength of roots and soil beneath
the platc, root and sol tensile strength, root/soil resistance on the windward
perimeter, and (on the leeside) the stiffness of the hinge at the fulerum. Strength
properties ol roots and soit are reviewed. Results showed the leeside of the root-
soil plate acted as a cantilevered beant and determines the distance of the [ulerum
from the tree. On the windward side, upward movement of the root-sail plale
causes sequential breakage of soil and roots. Under an incrcasingly apphed load,
farlure occurs in parts of the soil-root system before the maximum force for
uprooling is achieved.

Coutts, &L P., 1987, Developmental processes in trec root systems, Canadian Journal
af Forest Resonrces 17:761-767.
‘This paper reviewed factors that inllucnce the prmary andd secondary growth of
roots in terms of the development of the form of ree root systems. The primary
root growth is the development of the seedling vadical and lateral roots ol primary
structire. The secondary growth s the development of woody root system. In
irees, the local enviromment has some divect effects an the root cambiwm, but such
effecls appear lo be less important than the activity of the roots of primary
structure. The review discussed root development from the aspect of plant
physiology.
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Coults, M.P, 2604, Eco-cnginecring and conservation ot siopes for long-term
proteetion from eresion, landslides and stovms. Quality: of Life and
Management of Living Resourees. 5.3.1 Multifunctional Management of
Forests, Eco-Stopes: Final repore, QUKS-CT-2001-00289, 26 November 2064.
‘Lhis study was part of a multidisciplinary project Lo deiermine influence of
vegetation on slope stability. The sludy covered many aspects of trec roots,
including architectwre, wapology, lensibe strength, soil and hydrological
nteractions. Also covered was a large nuwmber of specics and slope condilions and
susceptibility of windfall. The study indicated that trees growing on slopes are
mere resistant to overturning than trees on llat tevrain. This paper suninarized
much ol the available literature. A “Slopes Decision Support Systom™ was
developed for use by foresters, engineers and ecologtsts to manage planting and
species choice for slopes with instability problems. Species vary widely with
respect to talerating of handling various types ol physical slress, A species thar
handles one kind of physical stress well may not handle others as well. Testing is
necessary to verily resistance or tolerance o vanious kind of physical stress. The
most conimon way to test trees agminst stem fatlure of uproating is to winch trees
sideways unht lfarlure. Species with deep, wide-spreading roots tend 1o resist
windthrow the best. However, soil rool interactions are important and can alter Lhe
effects remendously. Well anchored species on one soil type may hecome
susceplible on another, Tree roots help bind soils and anchor the soil reducing
evosion and landshde, but the overturning of trees can actvally have a negalive
mpact and 15 often described as the critical factor in landslides. The paper
descnbes a large scule study of measurement and modeling of the effects of trecs
{forests) amd soils on slope stability. Many aspects of di [Terent maodels were
comsidered and used to develop the SDSS cxport system muodlel,

Coutis, M. P, and G, L Lewis. 1983, YWhen Is the structural root-systemn determined
in Sitka spruce? Plant and Sail 71:135-160,
Growth ring analysis of root systems ol Sitka spruce trees showed that the radial
growth took place mainly duwring the first ¢ighl years, The roots cstablished during
this period of ttme constiluled the main structural root system for the spruce trees
at stand age 34 years (the inghest age of the tested ree). Many of the minor roots
stopped growang m diameter after a few years, but were still alive and extending
al 34 vews.

Conits, M.P. and B.C. Nicoll. 1991, Ovientalion of the bateral roots of trees, 1.
Upward growth of surface ronds and deflection near the soil surface. New
Phytologist, 119:227-234,

The surface rools grow Ivom the upper part of the tap root, extend for many feet
wilhim about 7.8 mches (20 cm) of the ground surface. They are the myjor
structural members of the root system for support and anchorage. This paper
described the origin and behavior of the surlaee roots of lodgepole pine and Sitka
spruce. Sceds of the tices were sown in the pots in growth roomis and glass rooms,
and the development ol surface rools were observed and nicasured. The authois

11



concluded that the dircetion of growth ol surface rools 15 the resull of two
oppesing inllucnees, Specific main lateral rools are plagiograviliopic and grow
abliquely upwards, bul as Lthese rools approach the soil surfuce they respond to
some signal from the enviromment Lhat causes dowmward deflection. The growth
behavior deserbed enables the nain lateral roots to explore the nutricni-rich
surface layers of the soil while avoiding the injury to the root tip that would resalt
from exposure.

Coutts, MLP., C.C.N, Nielsen and B.C, Nicoll, 1999, The development nt symmetry,
rigidity and anchorage in the strneinral root system of eanifers, Plant and
Soif. 217:1-15.

The radial symmetry of the woody root sysiem is especially amportant for tree
stability. Tnternal Taclors such as the produciion of ool tips capable of forming
struclural roots, environmenlal faciors including nnneral nutrition, and the
interactions of the factors control the developinent of a tree root system. This
paper collected informaticn on root system architeerure and growih of Siika
sprice for modeling root systemn development with respect to symmeltry and
rigidity. The root system is represented as a sct ol spokes [hat are variable in
number, size and radiai distribution. Rigidity vanes belween aml alony each of the
spokes. The proportion of the total cross section area of the woody roots increasced
with the decreasing ol the root sizes. A diagram summarized the development ol
the structiral root systent in response 1o intemal and extemal factors, which werc
as: environment, allocation, and seedling physiology.

Crook, M.J. and A.R. Ennos. 19946, The anchorage mechanics of deep rooted larch,
Larix euvopea X L. japonica. Journal of Experistental Botany. 47(303):1509-
1517,

This s a study of deep-roated 16-vyear old larch trees (Lariv ewrope x fuponica)
planted in sandy clay loam soil. Several trees, similar in size, were pulled over
with a winch to examine whether the roots broke, or lor other signs that Lthey had
failed mechanically. Roots were cateporized as a windthrow rool (any root
cmerging from the trunk on the counter-winchward side of the (ree), a leeward
root {any root cnerging lrom the trunk on the winchward side of the tree) or a
side root (any rool that emerged from e trunk on netther the windward nor the
leeward sides). Damage 1o these rools was recorded, noting the location of cach.
Ay the trees were pulled over, seversl observations were made. The lceward
lateral bent, pushed into the soil and at 30-35 degrees, it broke towards 1s base. Tn
two of three trees, the tap root broke off while in the third, it simply rofaled,
Anchorage is similar regardless of soil moisturc but failure occurs closer to the
rrunk when it is wet. Similar patterns were ohserved on subsequent trees,
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Crool, M.J, and A.R. Ennos. 1998, The increase in anchorage with tree size of the
tropical tap rooted tree Mallofns wrayi, King (Euphorbiaceae), Anaals of
Botany. 82: 291-296.

‘This study tests the theory that [or lreestanding upright plants the anchorage
strength should alse incrcase or scaic with the third power of the irunk diamerer.
Maltotus wrapi (no common name available, species found in peninsular
Malaysia, Simalra and Bomeo) was chosen because it has a simple tap rool
systern. Thirty-five trees, ranging from 1.6 to 5.6 inches (4.2 to0 4.3 em}in
diameter at breast height (DBH) were tested in the clay soils of the Malaysian
rainforest. Trees were winched slowly and loads were recorded until the trec
leaned by approxamalely 530 degrees from verlical. After the tests, the root systems
were excavated and cleared of soil. Average tap root length and diamocter were
measured and the tap root was cxamined after cach test to sce whether 1t had been
damaged. Failure oceurred in onc of two ways: cither as an anchorage failure, or
the trunks broke. Trees that lailed remained leaming afler the wanching but thosc
that didd not ol returmed 1o their upright position, The largest trees failed and the
smuallest did not. Tests showed that ngger irees were better anchored and most bag
trees fanled at the wunk ruther than the roots. The largest trees however had
stroilger stems and caused anchorage failure. Younger trecs had more Nexible
frunks preventing them from breaking or uproating. Mong of the trees that were
pulled over showed signs of damage to the tap rool.

Craok, M.J., A.R. Ennos and J.R. Banks. 1997, The function of butfress roots; a
comparative sindy of the anchorage systemns of butiressed (4gfaia and
Nephelivm ramboutan species) and non-buttressed (Mallorus wrayi) tropical
trees. Journal of Experimental Butany. 48 (314):1703-1716,

‘This study conipared the anchorage mechanics of buttressed 10 non-butiressed
trees with a scrics of tests. Species studicd were Aglaia (genus Mahogany),
Nephelivm rambonian (common name pulasan, native (o southeast Asia) and
Meatlofus wrayi (no common name available, native to peninsular Malaysia,
Sumatra and Bornea). The theory that buttress rools serve as anchorage to
hultressed trecs was being tested with simulated windthrow tests. Twelve
butlressed and fowrleen non-buttressed trees were cut down at 9.8 ft (3 m) above
the ground, All of Lhe buttressed trees and five of the non-buttreased trees were
fixed with strain gauges along the lateral roots and then very slowly winched over,
Damage to the trunk and root systems were recorded, noting the extent of any
delamination of the wood, together with the position along the laleral of any break,
and the height and width of the root at the break. Both buttressed and non-
buttressed trecs produced a single tap root directly under the bole, but the non-
buttressed trees produced more lateral roots than Lhe butbressed trees. The non-
buttressed lateral roots were round while the buttressed roots were up to eight
times gher than wide — 2 rectangular cress-section. Only the buttressed trees
produced sinker roots. The windward buttress of buttressed trees without stnker
roats pulled out of the ground and, eventoally, the leeward bullress snapped and
the tap root was cither pulted lrom the ground or broken off. The windward
butlress of the buttressed rees with sinker veols remained secure in the ground

13



despite wineching. The leeward buttress root broke alter continued winehing, but
instead ol the windward buttress pulling out of the ground, it gplit and continued
io delamnnate. Non-hutiressed lrees subjected to the sume winching showed root
movemnent with leeward laterals buckling, windward laterals uprooting and the tap
root pushing imto the so1l, mereasing the size of the crevice left by the tap roat.
Two interesting findings were: first, the majority of the buttress roots did not have
sinkers and sccond, that buttressed trees did have tap raots, Buttressed trees were
twice as well anchored.

Danjon, E., D, Bert, C, Godin, and P, 'L'richet, 199%9a, Structural root architecture of
S-year-old Pirus pinaster measured by 3-D digitizing and analyzed with
ANMAPod. Plant and Sofl, 217, 49-63,

T'his study was done to determine the root strueture of 5 year old maritime pine
(FPinus pinaster), a high yielding forest tree, making up % ol the markeled limber
in France. The article’s abstract provides a thorough explanation of the study —
Above and below ground archilecture and bomass as well as stem siraightness
were measured on 29 trees uprooted wilh a lumbering crane. The geometry and
topology of the roots was gamed using a low magnetic field digitizing device,
Data were analyzed with AMAPmod software. Root number, length, diamcter,
volume, spatial position, ramificaticn order, branching angle and inter-latcrals
length were extracted. The propartion of root volume in the zone of rapid taper
was negatively correlated with the proportion ar foot volwne in the tap root
indicating compensation between tap root and main latcral root volume. Among
all root characteristics, the maximal rooting depth, the proportion of deep rools
and the root partitioning cocfficient were corrclated with the stem straightiness.

Danjon, F., H. Sinoquet, C. Godin, F. Colin and M. Drexhange, 1999b,
Chapacterization of structural tree root architecture using 3D digitizing and
AMAPmMod software. Plant and Soif. 211. 241-258,

The purposc of this study was to test a new 3D digitizing method for siudying
structural rool systems using AMAPmod sofiware speaifically designed for
handhing plant architecture. The first method mvolved excavating the root systems
of tnee, 20-28-vear-old sessile oak (Quercus petrae) trees in Champenoux Forest
in nerth-east lrance then 218 five-year-old maritime pinc (Pinwuy pinaster) tees
in Landes Forest in south-west lrance. The position coordinates ol mols were
measured with a 30 digitizer nsing low lrequency electromagnet field sensing,.
This device measures the special eo-orthinales within a sphere of a 13.1 foot (4 m)
radius around the enutter. Several rooi charactenstics becamne available including
length, base diameter, top dimmeter, coordinates, order, ete. The AMAPmaod
provided 3D graphical reconstructions which were nsed to cheek the data. The
three-dimensional digitizing proved to be the first rapid measurement method
providing a precise and complete numencal 3D representation of woody roat
syslems. Parameters of the struclural roct system arclutecture of pine and oak
saplings have been oblained and numerous functions required to describe a plant
root system can be estimated from the data.
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Danjon, F., T, Fourcaud and D. Bert. 2005, Root architecture and wind-firmness of
mature Pirus pinaster, New Phytologivt. 168:387-400.
{MNole: This paper offers a good deseription of how to quantitatively characterize
tree coarse rool architeclures).
‘This study characterized the coarse root architeclure of both damaged and
undamaged maritime pine (P pinaster) rool wehitecture and lested the hypothesis
that the undamaged trees resisted uprooting both becanse of preferential oo
volume allocation to key compaitments for stability and because of prevaihng
wind-oricnted root volume reinforcement in these compartments. Undamaged and
uprooted trees were sampled in a stand damaged by a stoini. Roat architecture
wag measured by three-dimensional {3-D) digitizing. The distribution of root
volume by rool Lype 1n wind-oriented scetors was analyzed. General stem and root
sysiem charvacleristics, rool volume distribulion by compartments, rool volune
distribution by circular sector, and mullivariable comparisons of trees were
described. ‘The authors concluded that thew findings confimt a previous concemn
of a possible bicmechanical adaptaiion of the vool system to the prevailing wind
in troes rosistant to wind, In maritime pine (. pfuaster), a mature stem that is
resistant to storms is mainly anchored on the ground by a large, leeward,
remforced root cage lorming a broad and rigid soil plate that is firmly anchored
by windward remforeed shallow roots. Uprooted trees showed a lower cape
volume, a larger proportion of obhigque and intermediate depth horizontal roots and
less wind-onenied rool reinforcement.

Davidson, G, R., B. C. Laine, 8. ). Galicki and 8. T. Threlkeld. 2006. Root-zone
hydrelogy: Why bald eypress in flooded wetlands grow more when it rains.
frec-Ring Res 62:3-12,

Abstract: Baldeypress (Toxodium distichon) is known to respond to increases in
precipitation with ingreased radial growth even when vooled wn continuously
saturated sediments where water 15 nol a growth-himiting faclor, Meusurements of
delta O, ClHL and hydraulic head in sinface water and shallow groundwater in
an oxbow lake-wetland in northern Mississippi show that rapid dovwnward flow of
surface waler into the root zone is initiated only after precipitation-induced
increases m surface water depth cxeced a threshold value. Rapid Now of surlace
water through the rool zone has the polential to inttoduce oxygen 1o sediments
that would otherwise be anoxie, facilitating nutrient uptake and growih. Chmabic
reconsiruction using tree nings from bald cypress in this environment appears
possible because increases in precipilalion generally corvelate well wilh increases
inn water {evel, which in twm enhances Lhe delivery of oxygenated waler Lo the
1o0ts.

Dawson, T.E,, and J.5. Pate. 1996, Seascenal water nptake and movement in root

systems of Australian phraeatophytic plants of dimorphic reot morphology:
a stable isotope investigation. Oecologia, 107:13-21,
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In western Australia, Tasmania blue g or blue gom eucalyplus (£ Globulus},
red river gum (£ cameddufensis) and bull banksia (Barksio grandis) mdicate that
raot systems were dimorphic. Actual root architecture varied, but each had
systems of shallow lateral roots {upper 15.6 inches (40 cm)) that supplied water
uptake dunng wet periods. Ther deep tap roots ar sinker roots supplied water
duiing the dry periods, Tap roots and deep sinker roots could be found to 22.9 i
{7m) deep

Day, M. W. 1944, The root system of aspen, Awerican Midiand Naturalist, 32(21:502-
9.
Complete cxeavation of aspen roots ocowred. An eighl year old Lree had a lateral
root maxitnum length of 30 £t (9.1 m). An 18-year-old tree had a maximum luleral
rool length o' 47 [t (14.3 m) and & maxinuum vertical roet 7.5 ft (3.4 m) deep. The
majonity of the lateral root system (s contained within 1 foot {3 m) of the soil
surface,

Di Torio, A., B. Lasserre, G. 8. Scippa, and D. Chiatante, 2005, Roof system
architecture ot Quercus pubescens trees growing on different sloping
canditions. Aupals of Borany, 95: 351-361.

{Note: A good paper regarding methods of quantification of vaot architecture).
The aim of this work was to asscss the influcncee of slope on the architecture of
woody roat systems of downy or pubescent oak ((nerciy pubescens). Blomass
allocation within the structural root system and symimetry in the hirst- and second-
order laterals were examined. The root volume was used instead of the rool
diameter or cross-scetional arca (CSA) for the assezsment of the center of mass.
Analyses based on cross-sectional arca and root volume were compared; the latter
parameter wus more switable than a single cross-section to analyze morphological
information (bending, stromg Laper) relative to cach single root axis. A low-
magnetic-field digitizing device was used 1o measure the X, Y, Z position
coordinates of roots together with Lhe diameier and the branching structure. Co-
ordinates were deterinined every 3.9 (o 7.8 inches (10-20 cm) when roots were
slraight and every 0.78 inches (2 am) when rools were lnghly benl or tapered. All
roals with a proximal diameter larger than 0.07 inches (2 imn) were measured.
The symmelry ol root systemns was evaluated in teyms of center of mass of all the
firsl-order lateral roots. Analysis of branching was conducted using the same
eriteria of the center of velume, with the number of branching poiuts of all the
mdividual roots up to a delined radial distance in place of the root volume. Soil
resistance (o penetration was measured at ficld capacity with a Pen-8T-308
penetrometer. Resulls showed that the slope atfected the root vohune for cach
branching order, and the basal cross-scetional arca (CSA), number and length of
the first-order roots. Sloping trees showed a clustering tendeney ol the first- and
sccond-arder lateral voots in the up-slope direction. Tn a sieep-slope condition, the
tap oot tapering was positively comelated with the asymmetry magnilude of first-
order roots. The author concluded that on a slope, on clayey soils, rootl asymimetry
appears to be a conscquenee of several envirommental factors such as inclination,
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shallow-slides and soil compactness, In addition, this adaptive growth scoms to
counteract the tuening moment induced by the sclf-loading forecs acting in slope
conditions, and as a consequence improves the tree stabihty.

Drexhage, M., &, Chauviere, I', Colin and C. N, N, Nicisen, 1999, Development of
structural rost architecture and allometry of Quercs petraed. Can J Forest
fes. 29:600-6008.

The manure root systems of sessile oak and pedunculate oak are characterizod as a
"heart-sinker root systems” consisting of horizontal roots and a tap root fiom
which obligue and vertical roots develop. This mixed (o makes the tree less
vulnerable to windilmow than the simple heart or sinker rool system, Tn this paper,
root growth direction, radial distribution of roots, and biomass partitioning within
the root system of 28-vear-old sessile oaks were examined using a ROOTARCH
method. The ROOTARCH is used to analyze the spatial configuration of
structural roeis and roolfshoot relabons, as well ag o deseribe the root system
relative to a reference system made of three cyhnders, Mean percentages of total
cross-sectional area of root types with increasing distance from the stem-root basc
for oak trecs from neighboring 20- and 28-year-old natural regensration plots
woere listed, Results showed that with increasing stem diameter, the root biomass
was allocated predominantly to and cventy distributed area within the surlace root
syslem, elTectively increasing tree stability. Root system architecture is inherently
determined and DBH or proximal root diamcter measurenients are sufficient 1o
predict rool biomass of young scssile oak when sail propertics are nonrestriclive.

Drexchange M., and I, Gruber, 1998, Architecture of skeletal root system of 40-
year-old Picea abies on strongly acidified soils in the Harz Mountains
{Germany). Canadian Jeurnal of Forest Resources, 28:13-22,

The object of this study was o determinge i the above-ground symploms of forest
dechne are reflected in helow-ground altribules of the root syslems of 15 forly-
year-old Norway spruce (Pioea abies) irees. The malure rool system of this
species is chavactenved as a sinker rool syslem consisting of honzontally
spreading roots fiain which vertical or sinker roots develop, The maximum depth
of root penetration occwnred beneath or adjacent to the stem by sither tap roots or
vertical sinker roots. The mean hiomass was significantly kower on the south
glope than on the north slope and on platcaus. The number of root branches was
positively related 1o the length of root; the mean number ol branches-per-rool-
system was sigmficantly lower on the south slope than on the north slope and
plateau. Similar Lo other conifers, more than 90% of vertical roots (sinkers) of
Norway spruce occurred ngar the steni-root base with only a small number of
sinkcrs with a small diameter reaching the maximum roating depth of 3.28 [t ('t
in). These results supeest that the influence of microsite conditions is small
compared with inhcrent regular development processes, which ensure an evenly
spreading root sysiem.
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Dupuy, L., 'I'. Foureand and A, Stokes. 2005a. A numerical investigation into the
intlnence of soil type and root architecture oo tree anchorage, Plant and Soil
278:119-134.

Accomputer program, SIMULIR, was developed to determine the anchorage
clliciency of Touwr typical root system architectures in theovctical soils representing
a wide range of mechanical characteristics. The four root syslem (ypes were heart,
Lap-, herringbone- and plate-like root systeins. The program wihich generstes root
architecture was based on theee main modules: INTTIALISATION, LXTENSION,
and YOLUME. Various types of rooi sbructures can be constructed using the
SIMUL3E program, by varying the morphological functions [ growhI{X),

f ram(X), f_ratio{ X} and { taper(X). The overturning resistance of the four
schematic root patterns was determined in four dilTerent 1dealistic soil types.
Results showed that soil internal iriction modified 1he position of the rotation axis
during tilting of the root/soil plate. Roobing depth was a determinant parameter in
sandy-like soils. Overturming resistance was greatest in heart- and tap-root
systems whatever (he so1l Lype. However, the heart roct system was more resistant
on clay-like soil whereas the lap root system was more resisiant on sandy-like soil.
Herrmghome and plate root systenis were twice as lcss resistant on clay soils and
1.5 times less resistant on sandy soils when conpared to heart and tap-like
slruciures.

Dupuy, L., T. Fourcaud, A. Stokes and F. Danjon. 2003b, A density-based approach
for the modeling of root architectere: application to Maritime pine (Pinus
pinaster At} root systems. Journal aof Theoretical Biolopp, 236(3):323-334,
Authers developed a new modeling approach using general density functions
based on the mathematical representation ol the distribution of root properties
such as number, angle or diamcter. The model was built in 212 and tested on 50
year old Maritime pinc (Pirus pinaster) o detenming the similarity to simulaied
root models. The sinulated and real voot systems had similar root distributions in
terms of radial dhstance, depth, branching angle and branching order. These
resulls indicale that general devsity functions are not only a powerful basis for
comslrueting madels of architecture, but can also be nsed o represent such
structures when considering root/soil intcraction. These models are particularly
useful in that they provide a local morphological charactlerization which is
apereeated ina given unit ol sail valume.

Eis 8. 1987. Root sysiems of older immature hemlock, cedar, and Douglas-fir,
Canadian Journal of Forest Resonrces. 17:1348-1354,
In this stdy, the root systems of eight western hemlock, cight western cedar and
six Douglas-ir trees, averaging about 50 vears old and 10.3 inches (26.3 cm)
DBH, were hydraulically excavated. The sizes and shapes of the root systems aie
described. I'resh and dry weights of the root systems were similar for all thres
species. It was reported that soils had a large influence on root spread (greater
than tree specics) and the greatest spread was attained in sand. Initial root growth
appeared 10 be genetically predisposed, but soon modificd by s0il and plant
facions. In Douglas-fir, the roots extend well beyond the perimeter of the crown
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and asymimelrically on steeply sloping ground. Roots of all thres specles tended
to follow decaying rools of previous [orest or buried rotten wood. All structural
roots are of large diameter and laper rgmdly 1o about 1.1 inches (3 cm) at the

distance of abour 6.5 ft (2 m) from the slip. Roots penctrating to the bedrock
hend along it without distortion. The shape of the root systems ol hemlock and
cedar allow it to survive in wer habitats and 1o develop a shallow, plate like root
syslem. Douglas-fir sufters irreversible damage afler 3-4 weeks of looding.

Evans G.N. 1970, A technigue of simulation of radial root growth in soil and some
experimental results. Seil Science. 109(6). 376-387,
‘This paper reports experiments in which a vadially growing root was simuolated by
a cylinducal vubber lube [orced to cxpand in a pack of soil by application of
internal pressure. The objecl was o lest the technique, which was new, and to
observe the internal pressuve/soll delormation relationship and to see how the soil
deformation depended on the soil bulk density. The artilicial roots {thin rubber
tubesy were inserted into a cell filled with Merrimac sandy loam from Windsor,
Commecticut (USA)Y and capped. Water was forced mto the ube simulating radial
growth. Pressure was slowly applied over a period of 2-4 days. At the end of ihe
experiment, the tubes were removed and plaster casts were taken of the cawnity lefl
behind. Soil deformatilily was eonstant. Dricr water content seil was more easily
deformed than wetter sotl. Tiefinmation was dependent on bulk density.

Falkiner, R. A., E, K. 8. Nambiar, P. ). Polglase, S. Theiveyanathan and L. G,
Stewart, 2000, Root distribution of Excalyptus grandis and Corpmibia
srgcwiata in degraded saline soils of south-eastern Australia, Agroforestry
Spstems 67:279-291,

{Note: A good paper on how to deterimine spatial distribution of root systans}.
This study campared three different methods [or determining root distribution in
soil profiles, and investigated the effect of ripping, trec position and soil
propertics, cspecially the presence of shallow walertables and site preparation
practice, on the vartical and horizontal distributions of Rose gum, {Fucalyptus
grandis) and spotted gum {(Ceoryndia macuiare). The authors sampled roots by
using: {1) number ol rools intereepting the vertical plane of the soil profile, (i1}
root length density (1.,.) in soil cores taken at different depths but in the horizontal
planc of the profile, and {in) root Tength density (L.} in soil corcs in the vertical
plane at different radial posibons from lrees. Dala was statistically analyzed to
estimatc within plot varisgtion for a range ol measured parameters. Resuils showed
that there was no clear difference 1 vadial disiribution between the three sites
although overall rooting density was influenced by species and sile. Root
distnbutions in the surface soil were similar at all sites bul differences in rool
growth in the capiliary zones paralleled differences in groundwaler uplake by
trees, Roots were sampled to a depth of 2.8 meters. oot length density for all
roal dismeters combined declined substantially with depth down to 0.3 m and
then remained nearly constant to a depth of 1.6 m to 2.0 m. Depending on species,
roat length densiiy then increased to levels sinilar to that in the 0 to 0.5 i depths.
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This increase in root lenuth density ar greater depths occurved just above the water
tablc. The increase occwrred for two of the study specics but was mare
proncutced in one than the other. Horizontal cores did not produce resulls similar
oy oalher methods.

Fleischer, F., 5. Eckel, [. Schid and M. Kazda. 2006, Point process modeling of
root distribution in pure stands of Fagurs sylvarica and Picea abies. Candadian
Jonrnal of Foresy Resources, 36:227-237.

Planar point process models were applied to Investigate the spatial {twao-
dimensional} distribution of coarse roots greater than 0.7 inch (2 mm) diameter in
pure and mixed stands of Norway spruce (HMicer abies (L) Karst.) and Luropcan
beecli fffagns spivarica L), o every stand, ten 6.5 1 x 3.2 ft (2 m x 1 m) soil pits
wore excavated, leading to 20 vartical profile walls of Curopecan beech and 16
vertical profile walls of Norway spimice that were analyzed. In most cases 13- 19
tices wore within a radius of 32,8 ft (10 m) around the pit center. The minumum
distancc [fon the pit center to the ncarest tree ranged lrom 1.6 w0 9.1 i (0510 2.8
m). All living small roots ol size 0.07 o 0.19 inches {2-5 mm) were marked with
ping and digitally pholographed. These pictures were evaluated, and 4 coordinate
plane was drawn over each profile wall W, so that every root corresponded to a
point Xn in the plane. Data analbysis and simulation were done using the GeoStoch
library system. Results indicated that Norway spruce had stronger elustering in
amaller cluster repions, while roots of Curepean beceh formed weaker clusters in
larger eluster regions. Furthermore, heeeh root clusters scemed o avold
pverlapping. European beech has a more sophisticated roobimg systein than
Norway spruce,

Gifford, G. I+, 1%606. Aspen roof studics on throe sites in northern Utah, American
Midland Natwralise, 75(13132-141,
ABSTRACT: Aspen (Popaius trenidoides Michx.) root distribution was studied
on the Davis County Experiniental Watershed {DCEW) ncar Farminglon, Ulah,
Al the DCEW two "clone groups” consisting ol 9 and 15 trees, respectively, in
samdy loam soil and one of Nive trees 1 clay weredentified by the use of eosin (a
bluish dye) as a tracer, and were then excavaled o determine rooting habits, A
single tree was excavated in Cowley Canyon. Nine of the 22 trees sampled had no
vertical adventitious roots and 12 had no lateral root development. Scven trees
had no root development whatseever other than the parent root lrom which they
originated; six others had only a single adventitious lateral or vertical root. Root
devclopment was similar in all soils cxecpt that small roots were nearly alysenl in
ihe clay. Root depth at the DCEW execeded 114 inches (290 cm}an sandy loam
and 50 inches (127 em) in the elay. At Cowley Canyon rooting depth in loam with
a dense ¢clay B horizon excecded 60 inches (152 em) [or a tree of age 52 vears.
The majorily of roots in all soils were concentraled 1n the wop 4 fl of soil. The total
length of the parenl rool between tevmmnal ramets was 113.2 and 56.8 ft (35 and
17 m), respectively, in the two clones in sandy loam and 2005 ft (6.2 m) in the
clone growing n clay on the DCEW. Parent rool depth vaned from 0.2 to 3.3 £t
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(.06 — Im). Lateral roots (one in Cowley Canyon and four from the two clones in
sandy loam on DCEW) extended 26, 26.5, 10, 8and 6 R, (7.9, 8, 3, 24 and 1.8 m)
respectively, All ramets appeared to originate al depths ranging from 2 1o 12
inches (5 — 30 em).

Good, R.E. and U.M. Sainju. 1993, Vertical root distribution in relation to soil
properties in New Jersey Pineland forests. Plant and Soil. 150:87-97,
This study, carried out in the uplands, lowlands and plains of pine-oak and oak-
pine forests of the New Jersey Pinelands, was done to investigale the root density
and abundance, and their distribution in the soil profiles. Root lengths, density
and abundance were collected. Rool density and abundance were high in the
surface soil and decreased with soil depth in all forest types except in the B
horizon where these tended to increase more than the horizons above and below it.
A decrease of rool density with soil depth for all the forest types suggested that
rool proliferation may be related to the zones of organic C accumulation, nutrient
concentration, and porosity in the soil profile.

Gray, D. 2007. Factors affecting the structural stability and integrity of earthen
levees, Vegetation challenge symposium. Sacramento, California August 28,
2007, http://www.safea.org/LeveeYeg-SpeakerPanel.htm
The presentation focused on damage and failure mechanisms of earthen levees
and the role of vegetation is stabilizing such levees. Included was information
from earlier studies reported elsewhere in this annotated bibliography. In addition
the presentation reviewed an IPET and ILET reports on problems in New Orleans
during hurricane Katrina in 2005. The IPET report did not discuss trees and the
ILET report mentioned trees only briefly, including information and figures on a
tree on levee before and afler toppling. No determination of relationship to levee
failure was provided. One figure in the presentation documented the potential
positive and negative influences of woody vegetation on mass stability of slopes.
The slide portraying these influences was not available. Beneficial effect
outweighed negative effects two to one. Root reinforcement was mentioned as the
most positive influence. Slope failures following vegetation removal was
mentioned as a negative effect.

Gray D.H., A.M. MacDonald, T. Thomann, I. Blatz, and F.D. Shields Jr. 1991. The
Effects of Vegetation on the Structural integrity of Sandy Levees. REMR
Technical Report REMR-EI-5. Department of the Army. 151 p.

This study mvestigated the relationship between vegetation and the structural
integrity of river levees. A specific objective was to determine the distribution of
roots within levee embankments, and how these roots alter soil properties of levee
embankments and affect their resistance to mass wasting, superficial erosion,
piping, etc. The field study was conducted along a 6-mile (9.6 km) stretch of a
sandy channel levee along the Sacramento River near Elkton, CA. Trenches were
dug and the root systems were examined using a wall-profile method. Primary
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tree species included valley oaks {Quercus lobata), and shrub willow {Sefix
hinctusicne) and clderberry (Sambicits mexicana), Lareral roots were resiricled to,
and modified mamdy 1, the first two feet of soil depth. Most of the oot bioimass
meusure an vertical wall profiles was concentraled o the top 2 fi {6 m). The
authens cautioned that sinker roots and roots vertically onented may not be
characterized and accounted {or in verlical wall profiles. Although they thought
vertical wall profiics were the best overall lechmigue for asscssing root behavior,
they snggested more reseavch using excavation of whole root systems was needed
10 provide appropriate inforimation on vertical roots. Soil voids were nearly
cennplelely of ground squirrel and inscct origin in the sandy levee soils studicd.
Mo voids were clearly attributable to plant roots were observed, Small voids were
filled quickly with sediment during Moods, Targe roots decay slowly and
replaceinent by sedintent or new roots is compensatory. The authors Found that
plant roots reimloreed levee soils and significantly inereased sonl shear strength.
Crrasses were the best very near the surface, but shrubs (e g. elderberry) and trees,
valley oaks and others, had deeper roots, therefore the increase in shear strength
occurs deeper in the soil into the soil, thus protecting soils deeper scated Iailures.
Low growing shrubs and trees olTer protection from soil shear while nol adding
significantly to chance of windthrow and related problems. These indings were
restricted to the sandy soils in the region of research. Anthors suggest expanding
the research w other soils, regions, and speeics.

Hermapn, RS 1977, Growth and production of tree roots, Colorado State
University Range Science Department Science Series. 2617-18.
The paper begins with a discussion of root systems mcluding primary roots,
Laterals and adventitious roots. Long root, shorl rool and root hair function is
described. Primary root growth depends largely on envirommnental conditions,
mainly tenmperature and water. As trees age, the most tinportant changes appear (o
be in the proportion of long and short roots in the root systent and in types of
roots formed. Four major perieds arc distingwished in the development of ree
roots in Norway: formation of the main root and laterals at ages below 5 years;
gradual replaccmcent ol the original rool system by a system of adventitious roots
from abont age 3 to 30 years; functioning of the adventitions rool system and
replacement of dying adventiiious roots by new oncs during the approxiniate age
span 30 10 90 years; and gradual reduction of capacity for formation of new
atlventifious roots beginning at about age 90 years. These changes arc regulated
by envirorunental influences such as temperature, soil water and acration, mineral
nutrition, and light. The influence of these environmental factors on root
characteristics is much stronger than the inherent rooting traits in later stages of
development. The densily of roots decreased as distance away from the trunk
mereased, Lopsided crown development resulted in lopsided lateral root
development. The annnal aboveground and below-ground productivity ol various
forest types was determined. Spruce Lrees in Estonia were found to have the
highest below-ground growth at 2.7 tons/acre/year (6000 kilogramsMeclave/year).
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Thiz was followed by poplar in Russia that grew only .6 tonsfacre/year {36040
ko/hadyr), and radiata pine thal grew 1.3 tonsfacrefvear (3000 kefha'srd, The
slowest growih was by Scois ping in Geimany at only 0.2 onsfacredvear (500

kgihasyr).

Hershey, F,, D Wallace and John Dwver. 1994, Forestry Strategies To Protect
Floodplain Agricultural Systems. The Restovution of Agneatic Ecosystems
Symposinm, The Association of State Wetland Managers, St, Paul, Minncesota,
No woody vegelalion is allowed on levee embankmenls because:

1. Large trees will windthrow from saturated levees, removing a large soil
mass and creating a breach point in the leves.

2, Large tree roots will cxtend through the levee and ecause piping during
Noods. This is primarily a concern when large, old trecs die.

3. Woody vegelalion allvacts burrowing wild ammals [0 the leves
gmbankment and their acuvities create breach points in the levee,

Hettiaratchi, . R, P. 1990, Soil compaction and plant-root growth. Phifosophical
Transactions of the Royal Sociefy of London Series B, 329:343-355.
The paper cxantines briefly the theoretical aspects of the combined cficets of
stress and moisture history in modifying both the pore space available lor root
growth and soil strength that limits the ability of roots to detorm the soil. A root
extension model was described. Results highlighted the crueial role played by
physical lacters in the growth processes of roots.

Heyward, F, 1933, The voot system of longleaf pine on the deep sands of western
I'lorida, Journal of Ecology. 14{2):136-148,
Roots of a large longleal’ pine (Pinas pafustris) were excavaled on deep
excessively sundy sols in weslern Florida. This tree was 54 ft (16 m) tall and 17
inches (43 cm) in diameter, Although the lap rool divided i two, the longer one
was just over 14 ft (4.2 m) deep. Supplementary tap roots developed from laterals
near the tree and were generally 4.5 to 5.0 ft (1.4 — 1.5m) in length. A single large
lateral root that remained within 1€ inches of the soil sucface was 71.5 {1 (22 m)
long helore plunging another 3.5 1t (1.1 m) deep and ending. Lateral roots
commonly Lapered 1o diameter of 1 inch {2.5 em) abowt 1210 15 L (3.6 —4.6 m)
from the tree and then were slow o laper aller that

Haltz, W. (. 1983, The influence of vegetation on the swelling and shrinking of clays
in the United States of America. Creotechnigne. 33:159-163.
This paper discusses the cllcets of tree roots on soil lrone a dilTerent aspect.
The desiceanon elTecls ol vegotation can cause a signilicant volume change of
so1] by shrinking and swelling. Tn the Colorado-Wyoning areq, (o control
desiccation, all trees should be planted ai least 13 ft (4.6 m) from any building,
cxcept large water-loving tress which should be kept at least 20 ft {6 m) away.
The best approach to remedial nieasures for desiccation shuinkapge damage is the
removal of trecs.
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Houngh, ¥W., F.¥W. Woods and M.L. ¥MeCormack. 1965, Root extension of individual
tree sin surtace soils of a natural longleaf pine-turkey oak stand. Forest
Science, 11{2):223-242.

Interesting study and method. The authors applicd radicactive 1odine (I-131) w
the soil allowing the 1odine W move intoe the roots, then into the tee stem and
vasewlar system. The surrounding Lrees ave then messured Tov radicactvity and for
their distance from the plot center, An ynpoitant and mtereshng find was that
elevation, height, DRI, and age were important dependent variables for
predicting raot extensions for both the pine and oak.

Hruska, J., J. Cermik and 8. Sustek. 199%. Mapping tree root systems with ground-
penetrating radar. Free £hysiolopp. 19:125-130.
Root systemns of forest grown sessile oak (Querons petraea) were scanned to a
depth of 6.5 ft {2 m) using ground penetrating radar, A 197 2 19.7 1 {6 m by 6 m)
scan in 0.82 x 0.82 [t {0.25 X0.25 m) grids ol two adjacent trees ook 6 hours of
scan time and 30 hours of processing. Sorls scanmed were loamy sols and a 4350
MHz sigmal was used o detect roots downtoa 1.1 1o 1.5 mmch (3 fo 4 cm)
chameter with a 3.2 10 6.5 fool (1 10 2 m) resolution. Complicating factors weore
other roots in the same area, stones (not sericus for the soil). Maximum coarsc
raots ocowred at 56% of the crown radius to a depth of 6.5 ft (2 m). Authors
concluded GPR to be an efficient method for 3-1 mapping if forest tree roots in
loamy soils.

Jackson, R.B., J. Canadell, J.LR. Elleringer, H.A, Monney, O.E. Sala and E.I).
Schulze. 1996, A global analysis of root distributions for terrvestrial biomes.
Occologio, 108:38%-411.

‘Tke authers analyzed rooting patterns for terrestrial biomes and comparcd the
distribution for various plant functional groups using 250 root studies. The eleven
biomes were boreal forest, crops, descrt, Scler shrub, temperate grassland,
temperate coniferous forest, temperate deeiduous [orest, tropncal deeiduous forest,
tropical evergreen forest, tropical savanna and tundra. For each biome, depth
coefficients (/) were delermined. § waus ngher where there was greater
proportions of roots with depth, Tundra, boreal forest and temiperate prasslands
indicated the shallowest profiles (3= 0.913, 0.943, and 0.943, rcspeetively) and
B0%  90% of these roots were in the top L1.7 inches (30 ¢m) ol the soil profile.
Descrts and temperate conifcrons soils indicated the deepest ool profiles (3 =
(.975, 0,976} with 50% of rools in the top 11.7 inches (30 cm). Highest root
biomass was found in the ropical evergreen forest at 11 llznsf‘g.fd2 (5 keg/m*).
Croplands, deserts, tundra and grasslands had the least amount of root biomass at
<33 lbs/yd? (< 1.5 kg'm?).

Jackson, R.B., L.A. Moore, WA, Hoffman, W.T, Pockmun and C.R. Linder, 1%9%.
Ecosystem rooting depth determined with caves and DNA. Proceedings of the
National Academy of Sciences af the United States of Americe. 96:11387-11392,
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Below ground coinmunity composition and maxiniwm rooting depths of the
Ldwards Plateau of central Texas were detenmined using DNA scquence variation
to identify roots [rom 21 caves at between 16,4 and 213.2 [t {5 and 65 m) deep. AL
leasl six tree species in the system grew roots deeper than 16.4 0,5 m). Genera
mcluded Celtis fhackberrv), Juiperus Guipers), Quercus foaks) and Umus
efimg). Only plateau oak (Quercis fusiformis) which, along with Suniperus ashei
fash juniper) comprised over half of the total species was found below 32,8 {t (10
m). Platcau oak dominated the rooting zones betweoen 26,2 and 72,01 [t {8 and 22
n1). Roots were obscrved above 65.6 £t (20 m} in cach of the caves excepl one.
The maximum root depth for the ceosystem was micasured al about 85.3 i (26 m).
While root density deercascd with increasing depth, there were signs of flexibility
with rools mrowing mto areas ol ngher nuirients or waler, The presence of deep-
rogled species may enhanee ecosyslem productivily by leaking waker info surface
layers where 101s available to relabvely shallow species such as grasses and forbs,

Jamalndheen, ¥., B. ¥. Kumar, P. A.Wahid and N. ¥. Kamalam. 1997, Root
distribution pattern of the wild jack tree (Artocarpus hirsutus Lamk) as
studied by P-32 seil injection method. Agraforestry Systems 35:329-336.

This paper described a method of placing P-32 at various depths and lateral
distanccs from the tree to characterize the distribution of active roots of the wild
jack tree (Arfocarpus hirsutus), in order to provide an insight inlo the prohlem of
ool competition between the tree and other componeits of mixed species systems,
The wrees were planted at 2 distance o 6.5 x 6.5 fL(2 m x 2 m) from each other in
(5.6 % 65.6 foot {20 m by 20 m) plots. Nine P-32 reatments formed by
combinations of three [ateral distances: 29.3, 58.5, and 87.8 inches (75, 1530 and
225 em) fram the tree and three soil depths: 11.7, 23,4, and 35,1 inches {30, 60
and 90 cm) were assigned to the 27 cxperimental units, 1n a randomized block
design. The P-32 activity recovered in the [oliage was compared, Resulls showed
that most of the physiologically active roois were concentrated within a radius of
22.3 and 11,7 mches {75 om and 30 om) depth, although the tap roat might rcach
even deeper.

Jourdan, €. and H. Rey. 1997. Architecture and development of the oil-palin (Elaeis
grineensis Jacg.) root system. Plant qod Soif, 189:33-48,
This study was done to cariy out a precise anzlysis and desenibe the growih
dynamics and architecture of the oil-palm root system. Four growth phases were
studied; Juvenile (0-1 year old), feld estabhishment phase (3 years old?, adult
phase (11 years old), and the lmit of econonic viability phase {20 vears). Plants
were partially or totally excavated and two approaches were taken for cach
different phase; one based on the gecimetry of the roat systern and the othcr bascd
on the different axes making up the system along with their growth and branching
process. n the juventle stage, the radicle and adventitious roots were scparated.
Lateral raots were contained near the surface and were cmitted at an angle of
around 90 degrees fromn the radicle. The first adventitious roots were emilied one
month after germination; newer adventitious roots grow larger. Lateral roots
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cover the entire length of the primary roots. As the plant goes through the next
three phases, more roots and categories of roots are added going trom primary
vertical and horizontal roats, to secondary horizontal roats, to upward growing
sceondary vertical roots and downward growing sccondary vertical roots,
supcerhcial and deep tertiary roots and quaternary roots. The relalive position of
these types of roots determines a morphologieal and functional unit ol the rool
system called “root architcetural unit™.

Kochenderter, 4 N, 1973, Root distribution under some forest types native to West
Virginia. Ecofogy. 54(21:45-448,
Root profiles were examined from road cuts and stnp-mive walls in forest stands
from 40 o 60 yvears of age. Meusurement mcluded five soils and three hardwoad
foresi ypes. Root distribution was similar it all types, but 829 % of roots were in
the upper 1.9 ft (0.6 m} of the novthem hardwaood type, while only 77% of the
roots were in this zone in the other two types. The decpest roots wercat 1301 i {4
i) in the oak-hickory type. Greater numbers of roots were found in blue-grey clay
soi] layers and thesc oceurred at greater depths. More roots were found in the
lighter lextured soils. Root channels were present in some soils and often had
snaller vools growing within thent.

Laclau, J.P., M. Arnand, J.-P. Bouillet and J. Ranger. 2001. Spatial distribution for
Euculyptus ros in a deep sandy soil in the Congo: relationships with the
ability of the stand to take up water and nutrients, Tree Physiologyp. 21:129-
134,

Thig study analyzed spabal variability in root distribution of 2 mature coloniat
plantation of Frcafyphies spp. in the Congo. Thiee, 7.7 foot (2.35 m) widc soil
profiles perpendicular to the tree rows, were studied. I'wo of these were 6.5 [1 (2
m) deep and the third was 16.4 £t (5 m1) deep. Soil profiles were divided into 1.95
x 1.95 inch (25 cm?) cells and roots werc counted and catcgorized by size into
three eatagorics: (0L003 to 0.039 inches (0.1- lmm), 0.039 to .39 tnches (1rmn -
Tem), and = .39 inches {over | cmy). Soil strength, chemical properties and soil
waler were also measured. Tn the top 6.5 11 {2 m) of soil, the fine root density
(FRID} was highly heterogeneous in gach of the soil profiles. There was a
sigmificant decrease in FR1 as the sol got deeper. In all soil profiles, the surlace
soil layer had high 'RD. Large lateral roots were found only under the stump.
Soil strength was highest at about 3.28 ft (1 m) and deercased sharply at abowt 4.9
tt (1.5 m}. Soil strength decreases as soil water increascs. Nutricnis such as
calcium decrcase with increasing soil depth indicating that roots are able (o take
nutricnts quickly from both the forest (loor and upper soil layer. Roots
prelerentially explored the seil under the stump, but rootl densily decreased
sharply below 19,5 inches (S0 cmi) under the stump. The opposite was found in a
37 year-old radiata pinc plantation.

Leaf, A.L., R. Lconard and I, Berglund. 1971, Root Distribution of a plantation-
grown rod pine in an outwash soil. Ecology. 52(1):153-158.
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This paper deals with trec-root distribution of a dominant, 39 yvear old red pinc
growing on a deep, highly straified outwash Hinckley loamy coarse sand in New
York State. The tree was cuf at the ground line and separated into components
{leaves, branches, bolebark and bolewood). Starting at the swwmp, all of the soil
was removed from soil horizons A and B and 10 {0 31 m) into €. All was dane
by hand to miniinize root breakage. Rool segments were separated into five
diameter s140 clagses: = (L78 inches, 0.78 10 0.39 inch, 0039 t0 .19 inches, 019w
(.03 mches, and < Q.03 mches (=2em, 2-Tem, 1-.5¢m, .3~ 1cm and <. Iem}, Each
gample was washed, dried and weighed, Approximately 13 of the total root
weight was i Lhe A horizon; nearly ¥ was i1 the B horizon and nearly 175 wag in
the measured porbon of the C hovtron. The maximum lateral root radial extension
was slightly greater than the hive crown length. The maximum rooting depth was
~ 3% of the maxnnum lateral root extension. And the maximum lateral root
radial extent was m the B horizon 3.9 ta 5.9 ft {1.2-1.8 m) ot {vom the root collar.

Le Goff, M. and J. Ottorini. 2001. Root biomass and Biomass increment in a beech
(Fagus sylvatica 1..) stand in North-Fast France, Annales of Forestry Science.
58(2001):1—13.

Study attempted to quantily rool biomass of Euwropean beech or copper beeeh
{Fagus sybvatica 1) trees. A sample of 16 trees showed that root biomass was
highly correlated 1o treg diameter, The proportion of coarse root hiomass
increased with increasing tree diameter. Regression cquations accounted for 3994
of the variation in coarse and small root biomass, and 24% of the fine root
biomass. Coarse root biomass represented an average of 86 % of the total root
systenl.

Leuschner, C,, D, Hertel, . Coners and V. Buttner. 2001. Root enmpetition
between beech and oak: a hypothesis. Oecologia. 126:276-284,
This study mvestigates the below ground competition between fine roots of adult
Emropean heech and sessile oak trees in a mixed temperate heech-oak forest, Ficld
experiments showed that beeeh grew more rapidly than ouks when both were
crown together in a controiled cnvironment. When stemt densities and lcaf arcas
were similar, beech had significantly more, fine root biomass and a much greater
rool: shool ratio (3.9 compared 10 1.7 for cak). Oaks on the other hand,
cutnumbered heeches in coarse roots. The fine root systems ol the (wo species
averlap but beech root biomass increased with incrcasing distance from the sten,
whergas oak root mass was not dependent on stem distance. Beech root mass was
corrclated with the thickness of the organie wopsotl horizons while oak was not.
The study concluded that the line roots ol beech trees were more sucecssiul in
colonizing the upper layers of orgamic sols Uum were the oaks.
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Lindstrom, A. and (;, Rune, 1999, Root deformation in plantations of container-
grown Scots pine trees: effects on root growih, tree stability and stem
straightness, Hant and Soid 217:29-37.

Studies have shown that containers of the Paperpol-type, with smeoth imside walls,
cause different types ol root deformalion such as spiraling, The ultimate
conscquences ol roat deformation are uprooting due to a weak ool anchorage and
root breakage. This study investigated young and older plantations of Paperpot-
arown plants and naturally regencrated trees with a special emphasis on root
develepment and deformaticns, stability and stem slraightness. Root system
deformation was studicd in 23 Scots pine stands, Stem base crookedness was
estimated by using & digital protracior. Tn order to measure stability, trees weie
pulled by a wire attached to a winch. Anindex of evenness of root distribution, &
roat ared index (RAL), was calculated, The conclusions from this study are that
root distribution, tree stability and stem straightness of planted Paperpot-grown
trees will improve alter a certain lime ang will eventually approach the state of
naturally regencrated trees. As trees grow older, carly cstablished crooked stem
bascs will be compensated by radial growth and the tree will appear straighter.

McElrone, A, W.T. Pockman, J. Martinez-¥ilalta and R.B. Jackson. 2004.
Variation in xylem structure and function in stems and roots of trees to 20 m
{05.5 ft) depth. New Phyptologist. 163, 507-517.

This study was daone to cvaluate deep roots regarding their structural and
functional characteristies relative o the enttre water-flow path of trees. Four tree
species were studicd, two at Colterrell cave in Austin, TX, ashe juniper
(Suniperuy asheli and Durand oak (Querctis sinnata) and two from Powell's and
Leel’s caves m Menard, TX, plateau oak (Quercus fusiforais) and chitramwood
(Bumedio tanuginosa). All of these persist on the shallow soils of the Edward’s
Plateau and are considered slow growing and drought tolerant. For cach, stems,
deep roats and shallow roots were sampled. Cross sections were examined under
microscope and all xylem vessels not Hlled with tyloses within the sectors
hetween rays wore measured. The number of xylem vesscls measured per section
ranged between 60 and 627 For each vessel diamcter class, theovetical hydraulic
conductivity was calculated, Conduit diameter was significantly related to the
depth in all four species studied. In cach casc, the vessels were smallest in the
slems, mtennediate in the shallow roots and largest in the deep roots. Thus the
tflow capacity increased as depth increased.

McKee, K.I.. 2001, Root proliferation in decaying roots and old root chaunels: a
nutrient conservation mechanism in eligotrophic mangrove forests? Jonvaaf
of Ecofagy, 89 870-887,
The anthar looked at root proliferation inside decayed/decaying roots and old root
channels 1 peat soils of mangrove forests. The awthor described soils as sofl wxl
without compaction or impenctrable layers well beyond the root zones. This study
suggests that the roots were proliferated within the old root channels wilixing
decomposed organic matter and nuirients. Astificial channcls (PVC pipe) were
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uscd to simulale decayed root channcls over a lwo vear period. The buried pipe
ireatments were either empty, Hlled wiath sand, or filied with nwrient-rich organic
malter. Those with nutricnt rich organic marter had six times more roots than
pipes containing sand or Lhose that were empty. The resulls indicated for the
mangrove forest studied, thal the root responses 1o old root channels was due
mare to nutrient availabilily and not to arca ol less impedance.

MeMinn R.G. 1963, Characteristics of Dwuglas-fir root systems, Conadian Jowrnal
of Borany, 4:105-122.
The root systems of 28 Douglas fiy (Psendotsuga menziesii) in four stands ol
varying slopes and soil types, aged 10, 25, 40, and 55 years, werc cxcavated
hydraulically 1o determmine the rooting charactenistics of trees in different crown
classes al various ages. The extent, depth, configuration, rooting density and
mycarrhizal component of the rool systems were examined. The roots werc
mapped with a grid system and termed primary, tertiary or quaterary based on
their position. The length of dead roots was also noted. The total lensth of root
systems incrcased with increasing age and crown sive. With regard to canopy
position, the length, extent and complexity of branching in the root systems of
dominants exceeded that of intcrmediate and suppressed trees of similar age and,
in some cases they exceeded those of older trees that were in lower canopy
positons, The area of soil cncompassed by root systems was more for trees in
upper crowns and/or older trees. On level terrain, laterals extended horizontally
and more or less symmetrically but on slopes they grew asyymmetrically. Laterals
on the downslope side descended at a steep angle and did vot extend far when
they reached deep soil horizons, Laterals on the uphill side maintained a positive
angle and often traversed greal distances upslope. The roots from immature stands,
growing along decaying roots and the channcls Iefl when roots of previous slands
rotted, may cxtend much further than roots growing enlively in mineral soil.

Millikin, C. 8. and C, S, Bledsoe, 1999, Biomass and distribution of fine and coarse
roots from blue eak (Quercns deuglasit) trecs in the northern Sierra Nevada
foothills of Catifornia, Plant and Soil 214;27-38,

Lateral woady rools are usually sampled with quamtitative pits. Fine root
distributions are usually assessed by soil cores. Tn arder to undersiand the
belowgroumd dynamics of bluc oak woodlands, the coarse and fine root biomass
of six Blue oak {{. donglasis} {Hook and Am.) trees in the northemn Siera
Nevada foothills were measured using excavation, quantilative pit and core
methods. Course root biomass and rooting depth For main root systoms were
collected. Results showed that lateral root length and number decrcased with
depth. The primary rool generally tapered rapidly below 19.5 inches {50 cm) and
cither med horizontally at a root limiling soil laver or terminated with fine roots
Fannmyg out from the tip. At surface depths of 0 to 7.8 inches (0-20 cm), small-fine
(=< 0.01% inch diameter (0.5 mm)} roots acconnted lor 71%, large-fine {(0.019 (o
0.7 inches (0.5-2.0 mm)) for 25%, and coarse (= 0.07 inches {= 2 mm}) for 4% of
total root biomass collected with cores. Lateral extent of woody rools may exhibit
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a lugh degree of plasticity and depend on environmental conditions. DHstance
from the wee did nol signi Acantly affect fine root Momass within our sampling
range. For mosi trees, omass within the canopy was sunilai to biomass at the
canopy edge and jusi outside the canopy. Only the (ree with the larpest canopy
radius exhibiled 4 trend of decreasing (ine root biomass with inercasing distance
fup e 17.7 f1 (3.4 n1)).

Mou, P., R. J. Mitchell, and R, H. Jones. 1997, Root distribution of two tree specics
under a heterogencous autrient environment, Journal of Applied Ecology.
34:645-656.

The goal of Lis paper is to test the clTects of soil nutrient heterogeneity and tght
om polted sweetgwin and loblolly pine seedlings' root developnient. The spatial
developiment of root systems of both specics was strongly influenced by the
fertilization arrangements, but they reacted to soil nulrient heterogencity
differently. Ferlilization arrangenients under full light did not significanty affect
most aspects of total plant growth or allometry, Root development in
heterpgenesous soils differed between light treatments

Nadezhdina, N. and J. Cermak. 2003, [ustrumental methods for studies of structure
and function of root systems of large trees. Jowrnal of Experimental Botainy.
84:1511-1821,

The paper reviewed four techniques in studying root architeeture and quantifying
root physical parameters. The techniques ave sround penctrating radar, differential
electric conductivity, the excavation techmgue using a supcrsonic air stream, and
the sap flow technique.

Nicol], B. C. and D. Ray. 1996, Adaptive growth of tree root systems in response to
wind action and site conditions. Tree Plipsiofogy. 16:891-898,
Soil-roat plate dimensions and structural root acchiteciure were examined on 46-
year-ald Sitka spruce trees. Results showed that rooting depth was restricted hy a
water table, and root system morphology had adapted o resist the wind
movement associated with shallow rooting. The spread of the root system was
negatively related to soil-voot plate depth. Root systems had more structural root
mass on the leeward side than the windward side of the iree relative to the
prevailing wind direclion. These forms of adaplive growth in response 1 wind
movement improve the rigidity of the seil-root plate and countcract the increasing
vulnerability Lo windthrow as the tree grows.

Nicoll, B. C., 8. Berthier, A, Achim, K. Gouskou, F. Danjon, and L. P. H. van Beek,
2006a. The architecture of Picea sitchensis struetural root systems on
horizontal and sloping terrain. Trees-Structire and Function. 20:701-712.
The architcetural patiern of plant root systems is a product of the number of raots,
their position ol origin, hutial growth direction, deviation in dircetion, branching
pattern and tumover. In this paper, the coarse root systems ol 24 Sitka spruce
(Picea sitchensis) ees, from a 40-year-old plantation in west Scotland, were
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extracted, digitized i three dimensions using s Fastrack 3D digitizer with a
LongRanger ransmitter. Data were analyzed by AMATmod software (CIRAD,
Monipellier, France). The relationships between course vool volume and stem
volume, and relatiomships between allocation of root mass and slope and
prevailing wind direction were assessed.

Nicoll, B. C., B. A. Gardiner, B, Ravner and A, J. Peace. 2006b. Anchoerage of
coniferous trees in relation to species, soil type, and rooting depth. Conadian
Jonrnal Forest Reouvces. 36:1871-1883.

Data [rom tree-pulling experiments conducted in Britain between 1260 and 2000
have now been compiled into a database conlmming almost 2000 trees from 12
conifer species. In this paper, the anthors described a meta-analysis of the tree-
pulling data to test the hypothesis that root anchorage of conifers varies between
specics and soil group, and increases with rooting depth. Anchorage was
compared among species, soil groups (frecly-draming mineral, gleyed mineral,
peaty mmneral, and deep peat) and root depth classes (shallow, < 15.6 inches (< 40
e}, medium, 15.6-31.2 inches (40-80 em]; and deep, > 32 inches (= 80 cm)
using regressions of critical turning moment against stem mass. Sitka spruce
(Ficea sitchensiz (Bong.) Carr.} was used as a benchimark beeause it fonmed the
largest part of the database. Anchorage of Sitka spruec was strongest on, peat and
poorcst on gleyed muneral soils, Significantly betrer anchorage than Sitka spruce
was lound {or grand fir. Lodgepele pine (Finus conforta Tougl, ex Lond.) had
poorer anchorage than Sitka spruce over a range of soil groups and root depth
classes, Norway spruce (Picea abies (L) Karst.} on shallow gleved mineval soil,
and Corsican pine (Finus nigra subsp. laricio (Poir.) Maire) on medium depth
mineral seil, also had poorer anchorage,

Nilaweera, N.&. and P. Nutalaya, 1999, Role of tree roots in slopce stabilization.
Bulletin Engincering Geological Environment. 57:337-342,
Authors measwred rootl diameters, lengths, and tensile resistance and determined
tensile strength for seven indigenous species in the Khao Luang mountain arca of’
southcrn Thailand. Tensile strength was defined as tensile resistance divided by
the cross-scetional area of unstressed roots, Using regression analysis, the authors
determined relationships between root diameter and lensile vesistance. Using these
rekationships, equations were determined to predict root tensile resistance of the
icsted species sccording to root diameters. For all seven species, tensile strength
decreased with increasing root diameters. Root tensile strengths were determined
using an Autograph DCS-3000 Shimadzu testing machine. Samples were laken
from unbranched sections of roots from mature trees. Samples were 3.9 10 5.2
inches (100 to 150 mm} long with a maximum diameter of 0.5 inches (15mm).
‘The majority of the samples were smali <0.27 inches (= 7mm). The results of
these were recorded in the form of elongation versus load curves. Only failure
loads and ultimate elongation could be obscrved or Targer samples =0.27 inches
(=7 num). The authers also studied pull-ont resistance and root distributions for
the same seven species. Harizontal pull-oul was not an aption due 1o extensive
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root damage. Therefore a vertical puil-oul method was vsed. Trees were saturatcd
and tested atter a growth period of one year. Results showed that pull-out
resistance 15 generatly controlled by a irees root strength and morphological
characleristics. For all seven species tested, root tensile strength deereased with
root dimeters. Pull-oud resistance 1increased with increasced root lengths and root
penetration depths. Yolumetric root distribution did not necessarly correlate with
the pull-out strength of a tree because the same root volumes can be the result of
diffgrent root lengths and diameters. When examining rool volumes, longer roots
with smaller diameters had greater root tengile strengths and higher pull-out
resistance. Only onc of the scven speeies stidied, pava vobber {({fevea Srasifiensis)
did not fit the patterin conducive [or glope stalnhiy.

Oosterban A, and G.J. Nabuurs, 1991, Relationships between oak decline and
groundwater ¢lass in the Netherlands, Plant and Soil. 136:87-03,
This study was conducied 1o determine the effects of fluctuating groundwater
levels to the roots of pedunculate oak (Ouercns robir) at 1 locations in the
Netherlands. The trees were in even-aged stands 40-60 years old. T{ was found
that dead and unhealthy oak trees are most prevalent on sols with strongly
fluctuating groundwrater in the rocting zone. On these soils, ouks root less deeply
and have more dead roats, espeeially in the deepest parl of the root system. The
percentage of dead roots was highest in the 0.039 inch to 0.07% inch (1-2 mm)
diameter size class and decreased with root diameter. These percentages conelate
with groundwater ¢lass.

Pagés, L., . Vercambre, J.-L. Drouet, F. T.ecompte, C. Collet, and J. Le Bot. 2004,
Root Typ: a generic maodel 1o depict and analyze the reot system architecturc,
Plant and Soil. 258:103-119,
'Foot Typ' model was proposed (o dedicaie quantitative and global analyses of
rool system archilectures. The model implements several developmentat
processes mcluding: ool emission, axial and radial growth, sequenial branching,
retleration, iransition, decay and abscission. [ts ability 1o mimic a diversity of root
archiiectures is tested.

Peper, P.L 1998, Proceedings of an International Workshop on Tree Root
Development in Urban Seils, The landscape below ground I1. International
Society of Arhorictlture, pp 82-93,

Three year old white mulberry were excavated for root data collection Tor dry
mass, diameters, and root locations Lo deienmning if different root barrier products
impeded root circling and root omass reduction. The author was inlerested in
the [ollowing types of commmercial root barrier products: DeepRool, Tree Root
Clanter, and Vespro. The baniers were installed at depthz of 11.7 and 23,4 inches
{30 and 60 emj. Results mdicated that 11.7 inch {30 em) barners sigmficantly
reduced surface rool biomass outside the barricrs but did not sigm ficantly reduce
raol thameters, The 23.4 inch (60 cm) depth barriers elTectively reduced dry mass
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(&5 -89%}. Roat circling was impeded and roots were lorced o grow downward,
regardless of barricr depth.

Peper, P, and 5. Mori, 1999, Roet barrier and extension casing effects on Chinese
hackberey. Journal af Arboriculture. 25(1):1-8,
Three year old Chinese hackberry { Celiiy vinensis) was used to evaiuate the
effcetivencss [or three types of oot barricrs. The aulhors were interesting in
determining whether root barriers with inteenal vertical ribs could prevent root
circling and also could root development he significantly reduced in the lop 11.7
inches (30 em) of the soil. The scedlings measured were planted and grown both
with and without the root banicrs. The three barrters tested were: 1.} a production
contlamer left partially planted (extension casing), 2.} a commercial barricr with
vertical ribs spaced 5.8 inches (15 em) apart and 3.) a comimercial barricr with
vertical ribs spaced 4.8 inches (12.5 cm) apart. Results concluded that circling
restricted barricrs with vertical ribs were uscd. Root biomass was reduced by 50%,
for root barriers with the extension casing. The lwo commercial barriers measured
had mean root diameters and biomasses that were similar. Any roots that
circumvented the barricr walls grew upward to levels that were similar to the
control trees.

Peterson, €. 2007, Trew, site, and soil infhuences on trec uprooting in forests.
Vegetation challenge symposium. Saeramento, California August 28, 2007.
http://www.safea.org/LeveeVeg-SpeakerPanel. hitin
This presentation dealt primarily with tree falls and thosc lactors influencing the
uprooting or breakage of trecs. The presentation revicwed several factors
contributing to wind damage and windthrow including hwricanes, tornados,
coastal winds, trce and sland characteristics; and site characteristics. The presenter
mentioned the paucily of infonmation related to the effects of wind on trees
occupying levees or the species in review at the symposium. The presentation
contained wiformalion on drag forecs of erowns relative to wind and the
dilferences produced by specics, tree sive, and wind specd. Crown deformation
elfects during stormis was also mentioned. The biomcechanics of breakage versus
bending and windtheow were also discussed. Site charactenstics and topography
also affect forces on trees. Soil saturation and hardpans within soils limit (he
extent of rooting and therefore influence windthrow risk on some sitcs.

Pittenger, DLR. and D.R, Hodcl. 1999, Eifects of root barriers on tree and root
growth. Proceedings on the UCR Turfirass and Landscape Management
Reseurch Conference and Field Day. p 1-2,

This study cxanmined the influence of different types of physical swrround-type
root harricrs on swrface root developrent and ree growth, The six year old study
used two species sweelgum (Lignidambar stvraciffua) and Indian lauve] (Ficus
#titider) to determineg the effectivencss of root haviers in limiting the growth of
surface roots eutside of the barricr arca. The Ireaiments ranged from a
“DeepRool” barier (24 inches decp (61 em)) to sleeves, or live-gallon buckets
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with the bottoms removed. The results indicated that with each treatment (barricr)
the roots do retum Lo the surface onee they gel outside of the barrier. However,
the study did indicate that surround-type bariers can reduce the number of
surlace roots the fonm bumediately outside the barvicr. Several of the barriers are
cllective m eluninating large roots at least a fow [eet from the trunk but only fiov a
limiled time. The roots that do return to the surface seemed to be relatively small
andd would probably nol eveate a large amount of damage to hardscapes

Putz, F.E., I. I, Coley, K. Lu, A. Montalve, and A, Aiello. 1983, Snapping and
uprooting of trees: structaral determinants and ecological consequences,
Canadivir Journal aof Forest Research 13:1011-1920,

The mfluence of mechanical and architecrural properties of trees on growth rates,
mortality rates, and relalive probabilitics of snapping and uprooting were
examtiied on Barro Colorado Island, Republic of Panama. O 310 fullen trecs,
70% snapped, 25% uprooted, ard 5% broke off at ground level. Stepwisc
discriminant analysis between snapped and uprooted trees indicated that the
variable teasured, wood propertics were the most imporlant factors determining
the type ol death in trees. Uprooted Irees tended to be larger, shorter for a given
stem diameter, and to have denser, stiffer, and stronger wood than snapped (rees.
There were vo significant difTerences between trees that snapped and trees that
wpraoted in the extent of buitress development or in the slope of the ground upon
which they grew. Trees with fow density wood prew Fast in stem diameter that
those with high density wood bul also suffercd higher mortality rates. Afler
damiage, many of the snapped trees sprouted; small trees sprouted more frequently
than large trees. Sprouting 1s proposed as & means by which weak-wooded fast-
growing trees partially compensate for being prone Lo snapping.

Randrup, T.B., E.G. M¢Pherson and L.R. Costello, 2001, A review of tree root
conflicts with sidewalks, curbs, and roads. Urban Ecosystems, 5:209-225,
This article is not so much of a study as 1t is a review. The aulhois review [actors
that cause gher conflict for trec roots and curbs, roads, sidewalks, cte. and they
also provide an overview of eost inferved to citics by reot/structure conflicts. The
authors also address the new aress for rescarch. The review suggest that the
potential for conllict 15 higher when onc or more of the following is present: 1.)
tree specics that are large at maturity, 2.) fasl growing trees, 3.) shallow top snil,
4.) shallow foundation under the sidewalk, 5.} shallow irrigation, G.) trees planted
in resiricled soil volume, 7.) distance between the tree and sidewalk of Tess than
6.5 10 9.8 ft (2 10 3 m), 8.) lrees greater than 15 to 20 years old. The article also
dhiscussed the ditforent types of barriers and their possible cifcets on root growth.

REMR. Vegetation and structural integrity of Levees: Results of Field Investigations.
REMR Technical Note EI-M-1.3, Sappl 1.3, 1-4.
This was a study of the amount, distribution and cffects ofvoat matcrials of various
type vegelalion, growing on levees on the Sacramento River. Six localions were
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sfudied, cach with different vegetation (herbaceous vegetation and shrubs, living
valley oak, dead valley oak, willow, clderbeny, and black locust). T.-shaped
trenches 3.28 fi {1 m) deep were dug in the sandy levee within the crown of the
dominant species at cach site. Root location and diameter were mapped and vsed to
calculale a voot arca vatio (RAR), Most of the roots ol the shrub site were within the
lop 4 inches. Roats of the hiving valley oaks and the willows dominated the area
between 4 and 12 wnches. Elderberry had the highest RAR at 28 inches but ovorall,
the valley oaks, hoth dead and living had consistently high RAR. The dead vallcy
oak had a large tap root at 4.6 {t {1.4 m) and iateral roots ol less than 0.32 fr (0.t m)
cven alter 200 years of decay. Areas where roots had decayed were filled in wilh
samel.

Schaetzl, R.J., 5.F. Burns, T.W. Small, and D.1.. Johuson. 1994, Tree nproeting:
review of types and patierns of soil disturbance. Physical Geagraphy. 11
(3):277-291.

This paper sumnarizes part ol the exlensive litcrature comeeming soil disturbance
by tree uprooting. The authors found that the initial size of the pit and root plate
15 a finction of tree size and rooting habirt, the eventual dimensions ol the
pit/mound pair arc conditioned by the quantity of sediment that relums 1o the pit
vig slump and wash process. Uprooting disrupts seil horizonation and retards soil
development. There was a positive corrclation belween tree diameter at DB and
arena of soil disturbed. Rooting depths increased as tree size increased up to 40 em
DBLL, aiter which root systems did not appear o expand. On sieep slopes,
uprooted trecs generally fall downslope, producing a net downslope transpert of
sediment. Uprooting also plays an important role in sediment transfer via input to
landslides. Tree throw pits collect water and thus cause a reduclion in soil shcar
strength, a natural nggering mechanism for debris avalanches and debris Nows.

Schenk, H.L, and R.B3. Jackson. 2002, Ruoting depths, lateral root spreads and
belinv-ground/above-ground allometries of plants in water-limited
ceosystems. Journal of Ecology, 90:480-494.

This sludy was performed to predict root system sizes and shapes for di fTerent
plant growth forms using data on above-ground plani sizes, climates and soil
textures. A rcview ol move than 1,300 plants and data was collected for descrts,
scrublands, grasslands and savannas. Maximum rooting depths, maximum lateral
root spreads and Uselr ratios were measwred, [t was found that the root system
sizes differed among the growth forms and increased with above ground size.
Trees were largest followed by shrubs, semi-shrubs, grasses and perennial forbs,
and finally annuals. Rool depth increased with increased mean annual
precipitation in all cases except trees and shrubs, In every type except trecs, rool
systeims tended Lo be shallower and wider in dry and hot climates and deeper and
narrower m cold and wet climates. Tn relation to the above-ground plant sizes,
rool system sizes decrcascd with increasing potential evapotranspiration for afl
growth forms, but decreased wilh icreasing mecan annual precipitation enly for
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herbaceous plants. Thus, relative rooting depths tended to increase with aridity,
although absolute rooting depths decreased with andity.

Schenk, H.J. and R.B. Jackson. 2005, Mapping the global distribution of deep roots
in relation to climate and soil characteristics. Geoderma. 126{2005):129-140,
Review article. The study indicates that less than 10% of articles on roots provide
measurements of maximum root depths. The authors used the literature and
predictions from the literature (Global root databases) to map the distribution of
deep roots (deep rooted plants were plants with greater than 5% of the roots
deeper than 6.5 1 (2m)). Trees were then associated with the climatic patterns and
soil textures from which they came. Cumulative vertical root profiles were
mnterpolated predict the depths containing 95% (D95) of all roots in a profile.
Prediction of the likelihood of plants producing deep roots was greatest for those
growing in areas with pronounced wet and dry season differences, those with fine
soil textures or coarse soil textures (but not medium texture).

Schmid, I. and M. Kazda. 2001. Vertical distribution and radial growth of coarse
roots in pure and mixed stands of Fagus sylvatica and Picea abies, Canadian
Journal of Forest Resources, 31:539-548,

Radial growth of European beech and of Norway spruce root was assessed for
roots greater than 0.2 inches (5 mm) diameter by growth ring analysis, in order 1o
identify links between root distribution and radial root growth parameters. The
trench profile wall technique was used in this study. On each plot, 10 soil pits
with a size of 6.5 x 3.2 ft (2 m = 1 m) were excavated to 3.2 foot (1 m) depth, On
each plot, 10 soil pits with a size 0f 6.5 x 3.2 ft (2 m = | m) were excavated to 3.2
foot (1 m) depth. In most cases, 13-19 trees were within a radius of 32.8 ft (10 m)
around the pit center. Root mapping was done on each profile wall in each soil pit.
On each wall, all coarse roots (diameter >0.7 in) were identified according to
species and divided into living or dead. In the mixed stand, the roots from
different species were separated by optical criteria. Results showed that radial root
growth of beech exceeded that of spruce significantly in both pure and mixed
stands. Radial growth rate of beech roots further increased when mixed with
spruce. Neither root diameter nor root growth of any species was correlated with
soil depth. Roots ol both species reached the maximum excavation depth of 3.2 fi
(1 m) in their monospecific stands. However, the root system of spruce was
shallower in the mixture with beech, where large roots (diameter > 0.78 in) were
limited to the upper 3.9 inches (10 ¢cm).

Shields, F.D. 2007. Role of vegetation in levee slope stability and revetment
durability. Vegetation challenge symposium. Sacramento, California. August
28, 2007. hitp://www.safca.org/LeveeVeg-SpeakerPanel.htm
Presentation included report on studies done in the 1980s and early 90s on six
sites along the Sacramento River. Soils, vegetation and root size and distribution
were outlined relative to stability of levees. Data were used to conduct a slope
stability evaluation. Root area ratios (RAR) were used to discuss root distributions
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within the soil profiles and make comparisons among different types ol vegetation
assuming similar relationships between RAR and soil eohesion that Gray found in
laboratory rests, Using his relationsig both an infinite slope stability analysis
and a cireular arc analysis ol slope failure were porformicd. Vegetation increased
levee stability. Prediction of levee fallure occurred when vegetation was absent
from the tevecs. Deeper rooted plants, trees and shrubs, produced better stability
under the cirewlar arg conditions, Roots inereascd so1] cohesion 30%, but had
majoir impact on the safety factor. Acrial photographs before and after a 1986
Mood were used to confirm predictions. One acknowledged limitation is that they
thd not consider windthrow or scepage in their modeis of levee slope Failure,
Comparing vegetated and unvegelated revetnient areas they lound that revetnents
with vegetation had less damage than those without vegetation,

Shields, F. D, and D, H. Gray. 1992. Effects of Woody Vegetation on Sandy Levee
Integrity. Warer Resotirces Bulletin. 28:917-931,
fhis is one of the pupers closely relared to the researeh project.
The influenee of woody vegelation on the reliability ol a sandy levee along the
Sacramento River 12.4 miles (20 k) northwest of Sacramento, California was
investigaled. Domimant woody specics on both levee slopes included valley vaks
(Cheercus fobata) and cottonwood {Popufis fremontin). Root architccture and
distnbution were determined using the profile-wull imethod in which rool cross
sections were exposcd in the vertical wall of an excavated trench. Transects
runiting both parallel and perpendicutar to the crest of the levee were excavated at
six sites. Roots reinlorced the levee soil and increased shear vesistance in a
measurable manner. The findings suggest that allowing woody shrubs and smat]
trees on levees would provide envirommental benelits and would enhance
structral legrity without the hazards associated wilh large trecs such as wind-
thrownig.

Smilcy, KT, 2005, Root growth near vertical voot barriers. Journaf of
Arboricaitire. (Research Note) 31(3):150-152,
Stucty examined growth patterns lor a variety of vertical root batriers for the
species Willow oak {Onercus phelios). The study site was on a ¢lay loam soil in
Charlotte, North Carolina. Five (realments were used and consisted of the various
types of bartiers; 1.) DecpRoot Tree Rool Barier with (.08 inch thick copolymer
polypropylene panels, 2.) DeepRool Tree Root Barricr with Spin Qut (a copper
resin coating), 3.) Typar geotexhile 3801, a heavyweight, nonwoven
polypropylenc geotextile [abnic, 4.) Biobarrier, a medium weight, nonwoven
polypropylenc geotextile fabne with attached nodules containing a herbicide, 5.)
Tx-R Barricr, a heavyweight, needle punched, nonwoven polypropolenc,
polycster coated wilth Spin-out {copper resin coating), and 6.} control treatiment
was no bamier, Root sizes were less than 0.5 inches (1.28 cm) in dianteter. No
rools penetrated any of the barriers although some roots prow beneath the barricr
and then grew upwards. The study looked at roots within the bamier and six
inches outside the barrier. There were significantly more roots in the mcasured
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plane outside the barrier for the control treatment than all other harrier treatments.
Roots were counted at three depths in this plane; surface and o depth of 12 inches
(3em), 12 18 inches, (20 46 cm) and below 18 imches (46 cm). There were
ne dillerences in barrer treatmenis within the barrier zone, There wore more rools
in the control area for this xone as well, There were no differences in paralle]
spread for any of the treatments although all five ol the root barviers seemed to
have affected the growth patterns. !t was deternuined that root growth where a
barier was installed was greatly reduced when eompared o Lthe control treatment.
The chemically treated harricrs were besl at suppressing root growth,

Smiley, E.T., A, Key and C, Greeo, 2000, Root barriers and windthrow potential.
Jowrnal of Arboriculture, 200 4, 213-217.
This study detenmined that ribbed barriers inereased the stability under severe
lateral siress. The authors tested six green ash (Fraxinue pemnsylvanica) without
barriers and six were planted in swround-type root barriers. Three of each group
were pulled under dry soil conditions (14%: water) and three of each group were
pulled under saturated conditions {33% water). Wind resistance and the foree
requited io pull each tree was measured. Trees grown within the root barriers
were slightly harder to pull than thosc withowt. Deep roots were thought to be the
reason for the barrier trecs having increased strength. There were no trunk failures
as a result of the stable root systems. The control (rees broke at either the stem or
at the root collar. There were no dilferences in the patterns of tatlure {or the
saturatcd soil conditions (33%). Roots pulled out of the ground had breakage for
raot sizes (.25 10 0.5 inches {6 - 1.27 cm) in diameter. Under the weller soil
regime, trees with root bwiers withstood higher forees than did the controlled
trees possibly due to the deep rooting of the barrier trees. Roots of the trees with
barriers typically had root depths of 12 - 16 inches (30 — d1cm) deeper than the
control trees.

Soith J.H.G. 1964, Root spread ean be estimated from erown width of Douglas fir,
lodgepole pine, and other British Columbia tree specics, Foresty Chronicle,
40:456-473.

Detailed studics of root systems were made by excavation of roots of trees blown
down in the U.B.C. Campus Forest. Rools of 8% Douglas fir, 81 western hemlock,
61 western red cedar, and 33 red alder trees were mapped and analyzed it velation
to 18 trees and stand varnables mcluding D311, height, crown class, butl diameter,
average branch lenglh, and average root diameter and length. The soil texture
was either gravelly or sandy and no heavy textured soils were studied. The
average branch length proved to be a uscful basis lor eslimation of root spread as
the root spread of all species was slightly less than the branch length. Usc of
DBH by itself to estimate root spread was slighily betler than use of crown widih
to estimate root spread. The number of main lateral roots increased dircetly wiath
DBEL The variation in percentage of the rool zone occupied by roots was high
hetween specics. The greatest total volume occupied by roots occurred in dry
moisture regimes. The greatest root spreadd in relation to volume of soil occupied
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by roots ceeurred mowet to very wet soil moisture regimes where rooling depth is
limted,

Stathers, R.I., T.P. Rotlerson and 8.1, Flitchell, 1994, Windthrow Handbook fur
British Columbia Forests, Minkstry of Forests Reseavch Program Wevking
FPrper 8401, p 1-31.

This handbook was wilten (o give users an introduction to windthrow and to
suggest possible options of assessing windthrow harards and mnaging
windthrow to minimize its impact. There are six sections. Section onc is an
introduction to windthrow and 11s potential for damage in British Coluribia.
Scction two provides background information and presents a categorization of
windthrow; calasiroplne windthrow is infrequent, oecurring only with extreme
winds and resulting [n extensive damage to large areas and endemic windthrow is
mare regular and smaller scale. This sechion also describes various types of wind
damage such as stem break, rool break and tree throw, Section three examines the
mechanies ol windthrow based on numerous factors such as wind speed, crown
size and densily, tree height, wood strength, root-soil weight, root sirength, and
the shape of the tree. Section four breaks down the lactors into: 1.) individual trce
charactenshcs, 2.) stand level charaeteristics, 3.} soil characleristics, 4.)
lopographic characteristics and 5.) metcorological conditions, Section five ofiers
an evaluation of windthrow hazard deseribing ligh risk, low risk and moderate
risk stands. Section six cxplains some managemenl strategies to be nsed in
clearcutting, edge stabilization, partial cutting and regeneration.

Stokes, A, 1999, Strain distribution during anchoerage failure of Pinus pinaster Ait.
at different ages and tree growth response to wind-induced roat movement.
Plant and Sofl, 217:17-27,

Tesls were camed out on 5, 13, and 17-year-old tap-rooted Maritime pine (Piis
piuaster) m order o detenmine how the meode ol anchorage failure changes
throughout the life of a tree. The mode of failuic changed with tree size and
anchorage strength increased proportionally with the third power of the trunk
diameter; therefore another recason why lailure differs with tree age must exist, In
order to determine if different types ol wood were being laid down in the lateral
roots in responsc to wing loading, maturation strains (indicating the existence of
mechanical stress in developing wood celis) were measured at different points
along the roots. A lagh comelation was found between maturvation strain sud strain
measured during winching i roats that lay in the wind direction only. Therefore,
trees appear 1o be able to vespond to external loading stress, even at a local lovel
within a rool, Resistance to stem breakage increases as a function of DBH?
whereas resistance to uprooting has been found o be a function ol height x DRH?,
This suggests that anchorage systems of larger trees become dircetly weaker
comparcd with the structural strength of the trunk. 1f this is the case, the
anchorage moment of Mantine pine, a tap-rooted tree, which grows in shallow
so1is, should alsc scale to the second power ol iree tnumk diameter. In this
experiment, mechanical failure by stem hreakage did not ocour duc to the
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plasticity of the sterms, Of the 13-vear-old trees, the seven Lrees thai had been
grafted broke at the graft site but the remaining broke al the junciion between the
tap roat and the stem. The | 7-year-old trees were not conpletely pulled over, but
noises of roots breakimg were heanl and fatlure began to ocour at the basc of the
tap root and lateral rools afler s mean Wb of 12,75 kNm had been reached.
Owerall, trees Mailed first in compression and then in tension - wood is nore
resislant o ruplure in tension than compression.

Stokes A., J. Ball, A.H, Fitter, P. Brain and M.P. Coutis. 1996, An cxperimental
investigation of the resistance of model root systems to uprooting. Asnals of
Batany. 78:415-421.

This paper describes experiments on models which simulate the uprooting of a
root system with different branching patterns and angles, The study was based on
previous cxperiments that concluded that hermingbone roat systems (where lateral
roms anse off one mam axis) and syymnetric distribution of laterals around the
main axis imake lrees [ess vulnerable to windthrow. A first test was done on
arttficial vool systems made out of wire in a cylinder filled with sand. Tensile
testing was done as each was vertically pulled [rom the sand. When only a tap
roat existed (no laterals), it pulled out casily without cracking the soil. When two
laterals cxisted, the soil eracked and some lifled oui, When secondary lateral roots
cxisted ofl main laterals, there was a sigmficant increase in tension and resistance
was enhanced at an angle less than 20 degrees. Soil shear strength was the most
umporlant factor m resisting uprooting. The ideal lateral would be 90 degrees from
the tap root.

Stokes, A., A. H. Fitter, and M, P, Coutts, 1995, Responses of young trees to wind
and shading - Effects on Root Architecture, Journal of Experinienta! Botany.
46:1139-1146.

Young Sitka spruce and European larch were grown from seed in two wind
iunngts, The wind exposure was intermittent in order to determine influences of
wind an the development of the root systems of the young trees. As a tree sways
in the wind, leeward and cspecially windward lateral ronis are placed under the
most stress. Larger roots or a greater branching density i these areas will help
connteract wind stresscs on the tree.

Stokes, A. and €. Matibheck, 1996, Variations of wood Strength in tree roots. Jowrnaf
af Experimenial Botany. 47(298):693-699,
Cvaluation ol ash, larch, beech, sweel chesinut, Scots pine, poplar, and Norway
spruec roots, lound that root strenglh decreased along the root ar different rates,
depending on the type ol rool syslem present, Slightly tapered latcral rools in
platc root systems wete relalively stronger further away from the stem than the
highly tapcred laterals 11 hearl and tap root systems. Wood strength in Norway
spruce (plate systems) was found to increase along the lateral roots before
decreasing again. The hicrease in strength may coincide with the point of
maxinuin bending of the root as the tree sways back and (olh 10 the wind.
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Strength also incrcased on the underside of laterals in the plate systems of high
compressive stresses due (o the weight of the tree pushing the root on 1o the hard
hearing surface of Lhe soil. The study also found that the high rate of branching
near Lhe siem, or large, rigid, main tap root, found in the hearl and iap root
systems, respectively, aliows a faster dissipation of forces nearer the stem,
therefore a high investment in strength [uriber along the root s not necessary,
Lareral hending strength was fowd 10 e much greater o hardwoods than
softwoods but compression strength between the Lwo tree types was similar. Both
latcral bending and compression sirength ol the wood decreased with increasing
distance from the stem in all samples.

Stokes A., B.C. Nicoll, ML.P. Coutts, and A.H. Fitter. 1997. Responses of voung Sitka

Stone,

spruce clones to mmechanical perturbation and nutrvition: cffeets on hiomass
allocation, root development, and resistance to bending, Canadian Journal of
Forest Resonrces, 27:1049-1057.

‘The influence of mechanieal disturbance on the growth of Sitka spruce was
examined on cight plants [rom cach of ten clones. A flexing machine was used 1o
apply the disturbance; plants were Nexed for 196 days, with an cqual number of
plants not “flexed” as controls. Additionally, plants were prown at two dilTering
nutricnt regimes o determine Lhe effect of nutrient availability on the response 1o
mechameal slimulation, In the high-nutrient treatment, {lexing had no sigmficant
effect on the shoot biomass and only a small cticct on the stem hetght. For the
low-nutrient flexed plants, the stem diamcter was larger, bul only alonyg the axis
of the flexing treatment. Flexing caused significant mereases in Coarse root mass,
coarse-root-to-finc-root ratio, and tolal root-to-shoot ratio. Additionally, increases
were scen in the mean cross-sectional area and wass of lateral flexed plants which
showed an increase in vertical vs. honzontal dimmeter. Differences were also seen
1 the inaidence of coarse branches, with these roots having a higher incidence
than on those voots lying across the axis of flexing, or the rools from the control
plants. Clonal effects were also obscrved in most of Lhe growth responscs
measured; these responses should improve the anchorage of trecs subjected 1o
wind movement. Specilically, in pulling lests, resistance to horizontal defeclion
was incrcased in the flexed plants from the low-nutrient trcatment. Overall, the
shaots of Sitka sproce generally showed small but inconsistent responses to
perturbation. Woody raots however, were highly responsive 1o flexing,

E.L. and P.J. Kalisz. 19%1. On maximum cxtent of tree roots. Forest Ecology
ind Management, 46:59-102.

‘This was 8 survey of the literature combined with other information sourccs
aimed at sinmunarizing what was known aboul maximum vertical and latera?
rooting extent in trees. Maximum vertical and radial root extents were tabulated
for 4% families, 96 gencra and 21 1 vegetation species, primarily forest trees,
shrubs, and horticultural trecs. The woik was based upon actusal reports,
communications, and the author’s own observations of root extent. In some cases
measurcments of soil water changes were used (0 deduce maximum rool extent,
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The sutlors state that they omiited Lypical or average depths whenever actual
maxbnum were provided and commeon place values of less than 4.9 [ (1.5 m) for
depth and 22.9 (1 (7 m) lor vadial extenl. A multi-page table summarizing the
maximinn rool exienl numerous trees specics. The paper indicates (hal even
relatively youny trees can have extensive raot systems; The report contains
mlommation for several tree species common to the New Orleans area (none of the
data were from Louisiana) with the maximum rool depth and greatest radial root
length respectively as follows: slash pinc {Piuus elliord} 15 ft (4.0 m) and greater
than 59 £t (18 m); live oak (Cwercns virginiana) (radial root length oniyy 100 1
(30 my); pecan (Carpa ilinoinensis) greater han 9.8 ft (3 m) and preater than 32,8
ft (10 m}, American sycamaore (Platanus oceidentalis) 6.9 £t (2.1 myand 49.2 ft
{15 m); and hackberry (Celtis neridentalis) 82 f1 (2.5 m) and 483 0 (12,6 m1).

Sudmeyer, R, A, J. Speijers and B. D, Nicholas. 2004. Root distribution of Pinas
pinaster, P, radiata, Encalpptus globulus and E. kechii and associated soil
chemistry in agricultural land adjacent to tree lines, Free Physiol. 24:1333-
1346,

The authors quantified the cxrent and distribution ¢fvoots of four commonly
planted tree specics in agricultural land adjacent o iree lines, and cxamined the
effect of soil type and root pruning on root morphology. The tree species are blue
gum {Encalyptis globulus Labilly, Monterey pine (Finus radiare D. Do),
maritime pinc {P. pinaster Ail. On) and Eucalyptus (£, kechii Maiden & Blakely
subsp. plenissima C A Gardner). Roet distribution in sotl adjacent 1o tree lines
was mapped by g tench profile methed. The rate of decrease in root density with
distance froim the trees was greatest for the Prauns spp. and least Tor £ fochii. Two
L four years after trees had been root pruned, both the lateral extent and vertical
distribution of roots were similar for pruned and unpruned trees. The density of
roots << .07 inches (< 2 mm) in diameler was greater for root-pruned trees than
lor unpruned trees (P < 0L05). The study species can compete wilh agricultural
crops based on the lateral extent of their roots and the occwrrence of greatest root
density withim 1.6 ft (0.5 m} of the soil surtace.

Tamasi, E., A, Stokes, B. Lasserre, F, Danjon, 8. Berthier, T. Fourcaud and D.
Chiatante. 2003. Influen¢ce of wind loading on root system development and
architecture in vak (Quercus rabar L.) seedlings. Trees, 19:374-384,

Study tested the efleet of wind loading on the root systom of Enghish oak
(Querucs robur) n a venllation system. Before their laterval roots had developed,
the rees were sown in a sandy podzelic soil a circular paltem around a rotating
arim that held a fan. The trees were subjected to artificial wind at a rate of 30
secomds per howr for seven imonths. After this time a sample was excavared and
the yool archilecture and morphological characteristics were measured with a 3D
digitzer. AMAPmod software was uscd to analyse the geometrical and
topological data, Plants that were subjceted to the artificial wind grew more
numerous roots that were over twice the length as control plants but that the totat
volume of the root steture was not signilicantly different. Windward rools weie
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found to be meore numerous (75% of the olal) and longer (854 of total root
length) than leoward rools bul no differences were noticed in the roots
perpendicular w the wind source, Tt was concluded that the development of the
laterval oot system resulted m better anchorage ol the plant bul that it sacrificed
tap rool developnient.

Tardien, F. 1994. Growth and functioning of roots 2id of root Systems subjected to
satl compaction - towards a system with mnltiple signaling, Soff & Fiflage
Rexsearch, 30:217-243.

The effect of soil mechanical impedance on root growth is discussed on several
levels from the apex to the root system. In compact soil, root deepening is delayed
and roots tend to have a clumped spatial arrangement. This change in rool systen
architecture could cause waler stress, even in refatively wet soil. As a
eonsequence, ool walter slatus and water flux decrease, and stomatul conductance
15 reduced as a consequence of a chemical message originating in the roots.

Udawatta R.P. and G.5. Henderson. 2003, Roeot distribution relationships to soil
properties in Missouri cak stands: A productivity index apprnach, So#!
Scrence Society of America Jowrnal, 67:1869-1878.

From abstract — This study cxamined the leasilnlity of adapting a soil-basesd
praductivity index to predict root distribution in Missowrl cak stands. Rools and
soil were samplcd to a depth o 58.5 inches (149 cm) in 58 plots in the Missouri
Ozarks and Missouri River hills. Soil pH, bulk density, and moisture holding
capacity were determined by horizon, and the data were used in equalions
designed to quantily “sufliciency” for root growth. The resulting sufficiency
values were uscd to caleulate individual and combined soil property indices for
cach plot. Firsi, sufficiency values for combined indices were caloulated in threc
ways - multiplicative, geomelnic, and arithunctic. Next, the indices were derived
by mulbhplyimg idividuat or combined sufficicney values by a root index factor,
which the study found to be representative ol proportional root distribution in
“ideal” soil, and then swnming the weighted values, Of the individual indices, soil
pH explained 30% of fine root length varability and 29% of the total root length
variability. Neither soil bulk density nor soil moisture cxplained rool length
variability. In fact, these properties actually reduced predictability when included
in combined indices. Of the combined indices, the multiplicalive-based index
explamed the greater pexcentage of root length variation than either the geometric
or arithmetic based indices. However, no combingd index accounted [or move
than 11 percent of the variation in root length distinbution. This suggests that, to
be usable in forestry, the soil-based produchivity index needs to be refined and/or
expanded to include variables such as nutrients and climate.

Wallace, )., C. Bawmer, J. Dwyer, and F, Hershey. 1994, Levee armoring: woody
bintechnical considerations for strengthening Midwest sevee systems, The
Restorafion of Aguatic Ecosystems Symposium, The Association of State
Wetland Managers, St. Paul, Minncsota.
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This paper examines the potential woody nteractions with levee systems and
presenes sotne levee amoving designs. The authors concluded that instead of
cxcluding woody vegetation, levee designs shoutd actively incoporale woody
malenals as comidor plantings between the levee and river and as protective cover
on the struclire 1tself as long as inspection and Nood f1ghting capabilities arc
maintained. Levee armaoring with properly desigmed woody marerial will slow
floodwater veloeitics, dissipate energy, reduce scouring potential, and increase
soil shear strengths.

Watson, A, 2000, Wind-induced torces in the near-surface lateral roots of radiaia
pine. Forest Ecology Managenent. 135:133-142,
The goal of this paper was 1o delevnmine whether relationships cxist hetween Lhe
resistive bending moament at the base of & radiata pine tree (Monterey pine) and
strosses in the near-suinface lateral roots. A comparison of the Moress measured in
the legwurd and windward roots during a storm cvent indicaled a ratio of between
1:2 and 1:3 as the relative cantribution to the strength of root anchorage provided
by these roots.

Watson, A., C. Phillips and M. Marden, 1999, Root strength, growth, and rates of
decay: root reinforcement changes of two tree species and their contribution
to slope stability. Plant and Seil, 217:39-47,

Root propertics of radiata pinc {Monterey pine} (Pians radicse D, Don} and
knauka {Kinzea ericoides A, Rich.) were studied for their effects on slope
stability and root strength. Three ages of stands were studied for cach species.
Maximum root depths (in apparent rool zone) were 10,0 ft (3.1 m) and 7.2 fi (2.2
m) respectively for radiata pine and knauka, Maximum root lengths were 32.8 fit
(L0 m) for radiata pinc and 20 [ (6.1 m) for knauka, although meat maximum
root lengths were only 295 1 {9 mjand 11.8 ft (3.6 m) rcspectively. Re-
mcasirement ol rood properties for up to four years lollowing tree harvest showed
species differences 1 the vate of root decay and loss ol strenglh, Radiata pine
rools began to decay almost immediately (within weeks), while knauka roots did
not begin decay for up to 12 months after harvest

Wilson, B.F. 1967. Ront growth avound barriers. Botunical Guzette, 128:79-82,
This study focused on the root growth pattems of horizontal root tips of red mmaple
(Acer rufrrumy when grown through a container and deflected by 3 rooi barrier.,
The results miicated that the roots would curve back to their onginal dircction
onge they get past the barrier. The roots returned Lo thewr original direction of
growth, As the angie of the barricr is incrcased, (he amount of the reeurvature
increased. When roots measurcd where unimpeded by barriers, the rools grew
straight and in the dircetion ol the long axis of the root tip.

Wilson, A.D, and D.G, Lester, 2002, Trench inserts as long-term barriers to root
transmission for control of cak wilt, Plaur Disease. R6{10%:1007-1074.
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Trench inserts (root barriers) were wsled as 4 meuns of reducing or preventing the
spread ol oak wilt through rool contact among mature live oak (Crercus
virgintana). Barners or trench nserts were tested for a period of soven years,
Linear lrenches 4.9 1 (1.5 m) deep were lined with trench inscrt materials. Four
trench imserl materials were tested, inciuding water perincabie and water-
mnpermeable hnevs. Unirenched trees were used as controls and compared Lo trees
wilh unlined lrenches and fungicides added. Infections oceurred within the firsi
year m many of the untrenched trees, but infeetions were not noled until vear
three in aity of the trees where trenches were lined with bariers, The breakout
anly ccewred in trenched trees with the thinner walerampeinieable
{rcomembrane 20 barrier. Over the course of the seven year study no breakouts
occlwrted in the waler permeable Biobairier, Typar or water-impeitneable
Geomembrane 30 trench insert treatments. All breakouts were associated with
rocts that grew either over or under the trench inseits. Such breakouts were only
noted in the water-impernicable trench liners. The Typar waler impenmeable
liners were about 70% to 80% less expensive Lhan the chemically treated, water-
permeable Bioharrer liner.

Wynn, T.M., S. Mostaghimi, J.A. Burger, A.A. Harpold, M.B, Henderson and L.
[Menry. 2004, Variation in root density along stream banks, Jowrnal af
Envivorumental Quality. 33:2030-2039,

The study determined the type and densily of vegetation that provide the preatest
protection against stream bank erosion by deternuining the density of roots in
stream banks. Root length density (RLI) with depth and abovepround vegelation
density were measured. Results showed that under forested vegetation, fine roots
(0,02 < diameter < 007 1) or (0.5 mm < diameter < 2.0 ) were more
common throughout the bank profile, with 55% ol all roots in the lop 11.7 inches
(30 cm). Erosion resistance has a dircet relationship with fine root density;
forested vegetation may provide better protection against stream bank erosion.

Ziemer, R. R. 1981. Roots and the stability of forested slopes. The luternational
Symposium on Erasion and Scdiment Iransport in Pacific Rim Steeplands,
132. International, Asseciation of Hydrelogical, Seience. Pulication..
Christchurch, N7, 343-361 pp.
Root deeay altcr timber cuthing can lead 1o slope failure. Forests clear-lelled twee
years catlier conlained aboul one-third of the root biomass of ald-growth forvests,
Meatly all of the roots <0.07 inches (<2 min) in diameter were gone from 7-year-
old logged areas while about 30 perceni of the <0.66 [nch (=17 mm} [raction was
found. T"soils are barely stable wath a forest cover, the loss of root strength
foltowang clear-Felling can senously affect slope stability.
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Publications Lo Print:

Book Chapters, Articks in Refereed Joarnals, Refereed Bulletins or Refereed
Proceedings:

Krauss, KW, JI. Chambers, Y Creceh, 2007, Salt tolerance of tidal [reshwater swamp
speeics: advimecs using baldeypress as a model o restoration. Chapier 14
Conner WH, Dovie TW, Krauss KW (eds) Leology of tidal freshwater swamps of
the svuthesstem United States (Springer Publishers, New York).

Faulkner, 5P 11 Chambers, WH, Conner, BLE. Keim, J.W. Day, E.5. Gardiner, M.5,
Huoghes, 5L, King, KW, Meleod, CA, Miller, J A Nyman, and G.P. Shaffer
Conservation and Use of Coastal Wetland Iorests in Tovistana, 2007, Chapter 16 -
m Commer WEH, Doyle TW, Krauss KW (cds) Ecology of tidal freshwater swanps of
the southeastern United States (Springer Publishers, New York).

Krauss, K.W., P.J. Young, I.L. Chambers, T'W. Dovle, RI. Twilley. 2007, Sap flow
characteristics of nealropical mangroves in tlooded and drained soils. Tree
Physiology 27, 775 783,

Lockhart, B.R. and J1.. Chambers, 2007, Cherrybark nak stump sprout survival and
development ive years following plantation thinming in the Jower Mississippi
alluvial valley, USA. New Forests 33:183 192,

Keim; R,, J. L. Chantbers, M. 8. Lllughes, I.. . Dimev, W, H. Conner, (G P, Shalfer,
Emile 5 Gardiner, John W Day. 2006. Long-term success of stump sprouts in high-
graded baldeypress-water tupelo swamps in the Mississippi Delta. Torest Ecology
and Management 23<:24.33,

Eeim RF, LL. Chambers, M.5. Hughes, JLA, Nynun, CA. Milter, W.H. Conner, 1.3,
Day Ir., 5.P. Tavlkner, E.5. Gardiner, 5.L. King, K. W. McLeod, and G.P. Shatiir,
2006, Ecological consequences of changmg hydrological conditions in wetland
farests ol ¢oastal Loutsizng, pp. 383-395 Tn {ed) Y. Jun Xu. Coastal Tavironmoent
and Water Chuality. Water Resourees Publications. Highlands Ranch, CO. 519 .

Chambers, 1L, Comer, W.H., Day, LW Taolkner, S.P., Gardiner, E.5., Hughes, M.S.,
Keim, LI, King, S.1.., McLeod, K.W., Miller, C.A., Nyman, J.A., and Shaffer,
G P 2005, Conservation, protection and ulilization of Louisiana s Coastal Wetland
Forests. Tinal Report 10 the Governor of Lowisiana from the Coastal Wetland Forest
Conscrvation and Use Science Waorking Group. {special contributions fiom Aust,
WM., Gaoyer, RA, Lenhard, G, Souther-Tiller, R.F., Rutherford, DA, and
Kelso, W.E. L 121p.
bottomland hardwood torests in the southeastern United States, Fovest Science
S1(6): 532-540,

Tang, ., M.AL Sword Sayer, T Chambers, snd J.1°, Barnett. 2004, Inicractive eftects of
fertilization and throughfill exclusion on the responses and whole-tree carbon
upake of matwre loblolly pine. Canadian Joumal of Botany 82:850-861.

Sword Sayer, MLA,, LC. Gocle, Chambers, 1.1, 7. Tang, and T.). Dean, J.T). Haywuood,
and D.J. Leduc. 2004 Long-term trends m loblolly pine productivity and stand
characierislics it response to stand density and ferhilization in the western gulf
region. Forest Ecology and Management 192:71-96.
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Tang, 7., Chambers, JL.. Sword. M.A | Barneit, TP, 2003, Seasonal photosynthesis and
water relations ot juvenile loblelly pine velative ta stand density and canopy
position. Trees 17(5):424-4734.

Yo Shufang, ). T, Chambers | Z, Tang and J. . Rarmetr, 2003, Crown characteristics ol
juventle loblolly pine & vears allor application of thinning and leettlization. Forest
Feology and Management 180{1-3} 345-3352.

Burke, M. and LL. Chambers. 2003, Rool dynumics in bottomland hardwood forests of the
Sowtheasienn Uniled States Coastal Plain, Plant and Soil 250: 144-1353,

Zhou, Benzhi; Sword, Mary Anne, Chambers, Jim; Andries, Than, 2002, Monitoring new
rool dynamics of lobtolly pine with minirhizotron technigue, Forest Research,
15(3): 276-284,

Krauss, K.W., L1.. Chambers, JA, Allen, .M. Soileau Ir, and A5, DeBosier. 2000
Growlh and nutrition of baldeypress lanulics planted under varying salinity regimes
in Louisiana, USA, Joumnal of Coastal Research 16( 11133163,

Tang, Z. I.L. Chambers, 5.Guddanti, Shulang Yu snd 1.1 Barnett, 1999 Scasonal shoot
and needle gowlh of loblolly pine responds to thimning lertilization and canopy
position. Forest Eeology and Mgl. 120:117-130.

Krauss, KW, LL. Chambers, JA. Allen, I3 Luse, A, DeBosier (1994). Root and shouot
responses of  Taxodium  distichum  scedbings  subjected to saline  flooding.
Ervirgnmental snd Experimental Botany 41:15.23,

Tung, 2., J.L. Chambers, 5. Guddani, and 1P, Bamett. 1999, Thinning, Kitilization, snd
Crown pasition mtuact to control physiological respenses of loblolly pine. Tree
Physiology 19{2147-94.

Chambers, 1.1, Tx. Ward, R. Ricard, B. Stine 199%. Climare Change Impacts: Farestry and
Fanmning. pp 453-50. in Ning, 7. N. and K.K. Abdolizhi {ed.) Global Climate Change
and its consequences on Lhe Gulf Coast Repion of the United States, Franklin Press,
Inc. Baton Rouwge and the CGult Coast Regional Climate Change Conmmittee.

Sword, M.A_ LL. Chambers, DA, Gravatt, and 1.0, Haywood, 1998 Ecophysiological
responses of managed loblolly pine to changes in stand environment, Chapter 11,
pp.185-206. In: Mickler, RAL and S, Fox {ed.} The produclivity and sustainablility
al southemn forest ecosystems in a changing covitonment. Springer Verlag, New
York, NY. 892 p.

Krauss, K., JL. Chambers and I.A. Allen. 1998 Salinity effects and differential
germination ot several hall-sib fmmlies of baldeyoress from different seed sourccs
Decw Forests 15(1) 53-68.

Allen, LA WIL Conner, R.A, Goyer, L, Chambers and K. W, Krauss, 1995 Freshwater
forested wetlands and global climate change, Chapter 4, pp 33-44 in (ed)
Cuntenspergen, G.R. and B.A. Vairin. Vulnerability of Coastal Wetlands in the
Southcastern united States: Climate Change Research Results, 1992-1997. U5,
Department of the Interior, U8, Geological Survey. Biological Seience Roport.
USGS/BRED/BSR-1998-0002, September 1998, 102

Goyer, R.A, and LL. Chembers, 1997, Fvaluation of inscet defeliation in baldeypress and
its relationship to floading, National Biological Service. Biological Science Reporl
& 3fpp.

Gravatt, I3 A_ 1T, Chambers and LP. Bamnetr. 1997 Temporal and spatial patteras of met
pholosynthesis in 12-year-old loblolly pine [ive growing seasons aller thinning and
tertitization. Forest Ecology and Management, 97:73-83.

Allen, LA, J.L. Chambers, and SR, Pezeshki. 1997, Lffects of salinily on baldeypress
seedlings: Physiological responses and their relation to salinity tolerance. Wetlands
17(25310-320.
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Sword. MLA. DAL Geavalt., L. Faulkner andd J L, Chaimbers. 1996, Scasonal brangh and
fine reot growth of juvenile loblolly pine five vears after fertilizalion. Tree
Physiology 16:899-904.

Allen, LA, R. Pezeshki, and IL. Chambers. 1994 Iniciaction of flooding and salinity
atresses on baldeypress { Tavodion distichum). Tree Physiology vol 16(1/2)307-313.

Allen, LA, JL. Chambers, and D, McKinney. 1994, Inlraspecific variation in the response
ot Tovodinm distichn seedlings 10 salinity. Forest Evology and Manugement
F0:203-214,

Allen, LA, LL Chambers, and M. Sline. 1994, Prospects lor increasing the suli tolerance
of foresis: A review, Tree Physiology 14(7) B43-853,

Brigselte, 5.0 and )1, Chambers, { 1992). Leat water status and root syslem water flux of
shortical pme {Pinus echinata Mill) seedlings are relaled to new root mowth after
transplanting, Troc Physiology 11{3 1289-303,

Fralish, .5, E.B. Cronks, 1.1, Chambers, F.. Harty, 1991, Comparison of presettlement,
Ind-growth and old-prowth toresl on 6 site types in Lhe Ulinois Shawnee Hills.
Ammnerican Midland Nat, 125(2) 294-309.

Jdenkins, M, W, und 1. L. Chambers, 1989, Understary light levels in mature hardwood
stamds after partial overstory removal. Forest Ecology and Management 26:247-256.

Pezeshki, 5. R, and J. L. Chambers, 1986, Yariation in (lood-induced stomatal and
photosynthetic responscs of three bottomland tree species. Forest Sci, 32:914-923.

Pezeshki, §. R. and J. L. Chambers. 1986. Stomatal and photosynthetic response of
drought-stressed cherrybark oak (Quercus [alesta var. papodeiolia) snd sweet gum
{Liquidambar styraciflua). Can. T, For, Res, 16:84t-846,

Pezeshki, 5. 1. and I L. Chambers, 1986, Effects of sail salinity on stomatal conductance
and photosynthesis of green ash (Traxinus permsylvanica Marsh.). Can. I, For, Res.
16:569-573,

Chambers, I. I.., P. M. Doughtery and T. C, Hennessey. 1986, Tire: Lrs effects on growth
and physiological processes tn conifer forests, Chapter 9, p. 171-189. In,
Hennessey, T. €., P. M. Doughtery, S, V. Kossuth and T, D, Johnson {ed.) Stress
Physiology and Forest Produelivity, Martinus Nijholl, The Lapue, The Meterlands.

Pezeshki, 8. R, ). T Chambers, 1985 b. Response of cherrybark oak scedlings to short-
term [ooding, Forest. Sci. 30¢4): 760-771.

Pezeshki, 8. R.and I, L. Chambers. 1985 a. Stomatal and photosynihetic responsce of
sweelgun (Liguidambar styracillua L.) to tlooding. Can. J. Forcstry Res.
15(2):371-375,

Chambers. . L., I M. Ilinekley, G. S, Cox, (2. 1. Metealf and R, G Aslin, 1985
Boundary-ling analysis and models of leal conductnce for [our Oak-Iliekary forest
speeics. Forest Sci 30(2)435.448,

Luassoie, I. ' and J, T, Chambers. 1976, The ofTects of an extreme drought on bree water
stafus and net assimilation rates of a transplanied northem red nak under greenhouse
conditions. pp. 269-282. In I. 5. Fralish, G. T. Weaver, and R. . Schlesinger ed.
Central Hardwood Fovest Conference. Southern Illineis Univ., Carbondale, 484 p.

Phelps, ). ., J. 1., Chambers and T. M. Hinckley. 1976, Some morphological ceological,
und physiological trails of four Ozark forest species. p. 231-242 In J. §. Fralish, G.
T, Weaver and R (O Schlesinger ed. Central Hardwood Forest Conference,
Southern Mllinais University, Carbondale, 484 p.

Hinekley, T. M., J. L. Chambers, D. N, Bruckerhotf, J. E. Roberts and J. Turmer. 1974,
Effect of midday shading on the water relations of a white oak sapling, Can. J. of
For, Res. 4{3):296-300.
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Non-refereed Proceedings, Governinent and Other Publications:

Dimoy, L. E. Stelzer, K. Wharton, 1.5, Meadows., LI, Chambers. K. Ribbeek, E.B. Moser.
2006, Elfects of thinning intensily and crown clags on chorybark oak epicormic
branching five years afler lreatment. Pp. 606-610. Conner, Kristina F. f{ed)
Pracecdings of the §3th THenniai Soulhem Sitvicultural Rescarch Conterence, Gen,
Teeh, Rep. SR5-92. Asheville, NC: TS, Department of Agriculture, Forest
Service, Southern Research Station. 640 p.,
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Giardiner, 3.L. King, K. W, Mcl eod, C.A. Miller, LA, Nyman, G.1. Shatter, and L.
Dimov. 2006, Tong-lcin success of sfump sprouts in baldevpiess, pp. 559-
363.Conner, Krnistina I. {ed.) Gen, ‘lech. Rep. SRS-22. Asheville, NC; U
Department of Agriculure, Forest Service, Southeim Research Station.,
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Hughes, S.L. King, KW, McLeod, C.A. Miller, I. A, Nynan, and G.P. Shaffer.
2005, Conscrvation of Loutsiana’s coastal wetland forests, pe.117-135, Louisiana
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T.ouisiana Siate University, Raton Rouge, LA 156 p. ..
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assessment of pine plantation productivity in Louisiana, Louvisiana Agriculiure 47
{3 21-23.

Stelzer, [, Chambers, ). L, Meadows, S, and Ribbeck, K. 2004, Leaf biomass and ucorn
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Tech, Rep. SRS-71. Asheville, NC USDA Foresi Service, Southem Research
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20-22, 2001, Southern Rescarch Stulion Gen. Tech. Repl. SIS 48.

Krauss, K. W., LA Goyer, LAL Allen, and 1T, Chambers, 2000, Tree shellers effective in
coastal swamp restoration {Lowisiana). Ecological Restoraiion 18(2): 200-201,

Tang, 7. L1 Chambers, and 1.1 Barnett. 1999, Characterization of optimum physiological
responses of field-grown loblolty pine. Pp. 409-415, In J.12. Haywood (cd). Tenth
Niennial Sowhem Silvicultural Rescareh Conference. USDA-Furest  Serviee,
Southern Research Stalion General Technieal Report SKS-30. 618,

Yu, Shutang, Q.Y Cao, LL. Chambers, Tang*, and )13 Haywood. 1999, Managing leal
area tor maximum volume production in a loblolly pine plantation. pp.435-460. In
LD, Haywood {(ed). Tenth Biennial Southern Silvicultural Research Conference.
USDA-Farest Service. Southern Research Station General Technical Report SRS-
30. 613p.

Chambers, L1, K.W, Krauss, LA, Allen, K Velupillai, A.S.DeBosier**, D.M. Soiieau, Jr.,
and B. Luse™* 1998 Restoralion of haldeypress in arcas subjected 1o saltwater
intrusion along the Louisiana Gull Cuast. Final veport for Cooperative Agreement
#1445-0004095-8 104 submitted to the 1JSDI Geological Survey, Biological
Resources Division, National Wetlmds Research Coenter, Lafayette, LA, by
Louisiana State Lmiversity, School of Forestry, Wildlife, and Fisheries, Baton
Fouge, LA,

Allen. LA, W H, Comur, LA, Gover, II. Chambers, and K. W. Krauss, 1998, Chapter 4
Freshwater Forested Wetlands and Globai Climate Chunge. pp. 33-44, In (LI
Cruntenspergen and BA. Vairin {ed). Vumcrability of coastal wetlands in 1he
southeasten United Stares: Climate change research resulis, 1992- 1997

Chambers, 1., D, Gravall, $.Guddanti, 7. Tang*, K. Velupiilai, and LP. Bamett. 1997,
Physiological, Phenological, and Moiphological Adjustments in Loblolly Pime as
Related to Changes in Climate, Stand Densiry, and Nutrition. Final Report. USDA-
FS 19-91-038. 184p.

Pattcrson, W.13., W.II Hudnall, 1.L. Chambers. 1996, Bottonland Hardwood Species
Compaosition and Hydric Seil Conditions In' Louisiana Agronomy Soc. Mta. Balon
Rouge, LA

Krauss, KW., L1, Chambers, and A Allen, 1996, Intraspecilic variation in the
physwlogical response of baldeypress (laxodium distichum (L.) Rich. ) Lo rapid
influx of saltwaicr. pp. 183- 189 In Flynn, K. M. {ed} Proc. Southern Foresied
Wetlunds Ecology and Management Conference, Clemson, South Carolina. March
25-27, 1996, 232p.

atine, M., LL. Chambers, M. Wilson** und K. Ribheck, 1995, Twenty-vear survival and
arowth of six bottomland hardwood species. pp. 300-502 USDA-FS South.Res.
Stat. General Technical Reptl, SRS-1. 633p.



Jim L. Clambers (continued)

Patterson, W.B. WU liudnall. and JL. Chambers 1993, Assessment al woetland
hydrology and hydric soil conditions in boitemland hardwoods. pp.£5-59. In (Selim,
HM. and WL Brown, cd) Mroc. Conference on Envivormental Tssues, Held July
24-25 1995, LSU Agricultoral Cenler, Baton Rouge, LA,

Pallersen, W.I3., W H. Hudnall, and [.7.. Chambers 1995 Fydrie soil cenditions af
botomland hardwood forests and nmplications for wetland delineation. Proc. Of
Louisiana Azzaciation of Agronomists 37:58-63,

Goyer, RA. and LL. Chambers. 1994, Evaluation of inscct herbivory in baldeypress and
its relationship 1o Nooding.  Final Reporl FWS 14-16-0009-91-956. USTWS,
Wettinds [Research Center, Lulhyette. LA SOpp,

Chambers, J.T1.. 1994, Physiological, phenological, and marphological adjustments in
Loblolly Fine as related (o chamges in climate, stand density, and nulrition. Prog.
southern Globil Change Meeting. Held m New Orleans. March 1-3, 1994,

Chambers, 1LL., K. Velupillai, S, Guddanti, Hl. Williams, S, Erwin, R. Pezeshki®, and 11.I.
Kennedy, JR. 1993. Root growth response of several bollomland oak  species to
flacchng.  Final Report: Cooperative Researeh Projeot #19-58-064, USDA Forest
service, Southern Hardwoods Taboralory, Southern Forest Experiment Station,
Sronevile, MS. 124pp.

Brissctte, John €., and J.L. Chambers. 1992, Rool zoue environmenl, root growth, and
warer rclations during seedling establishment. pp. 67-76. In Proceeding of the
Shortleat I'ine Workshop, Little Rock, Arkansas, Held Oct. 29-31, 1991, USDA-TS
Gienteral Tech. Rpt. S0-90. p.263

Chambers, J. L., and M. W, Henkel, 1989 Survival of natural and artificial regeneralion
in bottemland hardwaod stands alier partial overstory removal. pp. 277-283. In
Proceedings of lhe Fifth iennial Silvicultwe Research Conference.  Held
November 1-3, 1988, Memphis, TN, USDA-FS. Southern Farest Expl. Station,
Gieneral Tech, Report. 50-74. 618 p.

Chambers, J. L, 8. R. Pezeshki* und E. Du. 1988, Waterlogging and drought reduce root
and shool growth of bottomland tree species through changes in physiological
responses. Poster paper prosented at The Intermations] Farested Wetlands Resource:
[dentification and Invenrory Conlerence. Held September 19-22, 1988, Louisiana
State University, Baton Rouge, LA, Sponsored by IUFRO.

Chambers, I, L., R, G. Paul Clitton, and 1. P. Barnett. 988, Sand culture and raised heds
for inducement of walcr tress in seedling physiology studics. pp. 164-168.
Proceedings on 10th N, Am, Forest Biology Waorkshop held in Vancouver, Biritish
Columbia. July 1988, 364 p.

Chambers, J. L., IL C. Swhlinger and 1. G, P, Clitton, 1987, Repeneration of bottomland
hardwond sites by pre-harvest planting. pp. 125-128. In Southern Silvicultwe
Research Conterence Proc, Held Nov. 4-6, 1986, Atlanta, GA.

Chambers, Jim L. and Michael W, Jenkins, 1983, Understory Light Intensity in
Bottomland Hardwood Stands. p. 161-165 Tn {Ed) Earl . Jones, Jr. Froceeding ol
2nd Bawennial Southern Silviculiure Research Conference. USDA-Farest Service.
Southeastern Forest Expt, Stat. (General Technical Report SE-24, 513 p.

Chambers, Iim L. and Nancy L. Young, 1982, Phenology of Plantation-Grown Sweetgum,
Yellow-Poplar and Cherrybark Oak. p. 161-165 In Proceeding of the 7th North
Amercan Forest Biology Workshop, Held July 26-28, 1982 a1 Lexington,
Kentucky. 467 p.

Chambers, I. L. and James D. Smith. 1982, Effects of defoliation by the Forest Tent
caterpillar on growlh and leaf surtace arca of potted sweetgum seedlings, La. State
Utiiv, Forestry Notes No, 135, 3 p.



Jim L. Chainbers (comtinuesd)

Tackson. Ten Th and TL. Clumbers. {ed.} 1981, Timber harvesting in woilands, Proe. 30th
A Las L Farestry Symposiun,, La. State Univ, Div, Contin. Lidue. Baton Rouge,
la. latop.

Chambers. I. I.. and T, M. Rincon. 1980, Vegetation damage associated with sult mining
apérativins at Avery [sland, La, Proc, of La, Acad. Sei. Vol XLIIL

Chambers, I [.oand C, KB, Villirubia, 1980, An assessment of the affects o crowa scoreh
on leblolly pine growth and survival. La. State Univ, Foreslry Note No. 131, 2 p.

Fralish, ). 5., 8. M. Joncs, R K. (ODell and J. L. Chambers. 1978, The cffect of soi]
moisture on site productivity and  forest compasition n the Shawnee Hills of
southern Tlhinos, po 263-285 In Proc, Sml Moisture and Site Productivity Conl,
US.DA Forest Serviee S&P For. Myrtle Beach, 8.0, Nov. 1-3, 1977, 196 p.

Teskey, B, O, I L. Chambers. . 5, Cox, T. M. [Hnckley and J. E. Roberts. 1978, A
scvere drought: I Seil-Sile Relationships in an oak-hickory forest. p. 316-324 In
Soil Moisture and Site Productivity Symposium, Myrtle Beach, S. €., Nov. 1-3,
LOY7. 196 .

Berkoben, P. .. J. K. Toliver, J. I.. Chambers, R, C. Sparks, B, B, Chandler, and G,
l.cBlunc. 1978, An inexpensive, cusily constructed, truck-mouinted ladder for use in
forestry. La. State Univ, Foresty Note 126. 3 .

Choong, ET. and J.L. Chambers. {ed.y 1978, Energy and the souiliern forest. Prae, 27th
Am. LEAL Forestry Synip., Lousiana. State Univ, Div. Contin, Educ. Haton
Rouge., 10p.

Creative Contributions:

Co-developer ol GiReor (with Swresh Guddunti) a computer soliware prozram which
provides measurements of plant root systems, including root length, dimmeter
classification, wnd number of root tips Irem scanued images. This program was marketed
commmercially in the U1.S, and abroad by PP Systerms ol Haverhill, Maine,

Research Grants and Contracts (Funded)

Mature tree response to hurricanes in northem Gulf Coast communities. Pls Hatlie Dozier
and Jym L. Chambers. Funding Source: USDA Foresl Serviee {National Urban .
Dwuration: Spring 2006 — Fall 2009, Requested and Awarded $68,364

Science to Establish Tntenmt Guidelines for Coastal Wetland Forest larvesting,
Regeneration, Establishment and Protectiom, Tim L. Chambers and P. Joy Young,
Funding Source; Governor's Oflice, State of Louisiana, Duration: Jan.-Dee. 2004,
Funds requested: $69,278, Amount Funded. $69,278

Water Flux at different levels of scale in a Loblally Pinc stand PI's Jim L. Chambers and
Zhermn Tang. Funding Source: USDA-IS. Duration: 2yrs. Funds requesied: $166,759
Fundied at $166,75%,

Water Flux at Different Levels of Scale within a Toblolly Pine Stand as a l'unction of
Environment and Cultural Practices, Phase TV, Sowrce: USDA liorest Service.
Duration: FY2001. Awnount Funded: $59,924.

Evaluation ol Increased Tree aud Branch Mortality in Louisiana. Souice: CLECO, Central
Louvisiana Electric Cooperative. PTI's Jim Chambers and Joy Young. Duration: 12-01-
00 to 05-30-00. Amount Funded: 527,392,



Jini L. Chambers {continued)

Water Flux at Different Levels of Seale Within a Loblolly pine Stand as a Function of
Environmental and Cenltural Practices. PE's Jim L. Chambers, Q.¥. Cao, S. Guddanti,
ZM. Tang, and S, Yu. Funding Source: USDA-Fores| Service. Duration: 80101 o
9r30403. Funds requested. 5$72,745, Amount Funded: 572,745

Water Flox at Different Levels of Scale within a T.oblolly Pine Stand as a Function of
Environment and Cultural Practices, Phase TTT, Funding Souree: 1ISDA Forest Scrviee.
Duration: FY 2000, Eequested: $88,293. Amount lunded: $88,293,

Twee Ring Propertics and Environmental Interaction Cvaluation Labaratory (TREE [ab).
(Co-PI's Qinglin Wu and Joy Young). Funding Source: Louisiana Board of Regents.
Duration: 2000.. Reguested: 5178,023. Amounl Funded: 342,000,

Watcr Flux al Different Levels of Secalc willin 4 Loblolly Pinc Stand as a Function ol
Environment and Cultural Practices, Phase I1 Tunding Source: USDA lorest Scrvice,
Duration: 'Y 1999, Requested: $99,152, Anount Funded: $9%,152,

Understanding Bottoniland Hardwood Responses to an Operational Thinning. Funding
Source: Louisiana Departinent of Wildlife and Fisheries. Duration: July 1998
Decomber 2000, Funds Requested: 536,000, Amount Funded: 536,000.

Watcr Fhux al Different Levels of Scale within g Loblolly Pine Stand as a Function of
Envronment and Cultural Practices, Phase I, Funding Source: UUSTIA Forest Scrvice.
Duwration: Aprif 1998 - Scptember 1998, Reguested Yr. 1: $86,970. Antount Funded:
$86,570.

Global Change/Cultural Praclice Effects on Loblolly Pine Ecophysiological Responses:
Responscs to a Secomd Application of Thinning and Fertilization Treatments LI
(Extended) Funding Source: USDA Forest Service, Duwation: March 1997 to
Deecmber 1998, Amount Funded: $118,296.

Restoration ol baldeypress in areas subjected to saltwaler intrusion and allered flooding
regimes along the Gulf coast. Funding Source: USDI National Binlogical Service.
Duration: May 1995 to June 1997, Amount Funded: $26,200,

Assessmeit ol Global Change/Cultural Practice Effects on Loblolly Pine Ecophysiological
Responses: Responses to a Sccond Application of Thinning and Fertilization
Treatments T (Extended) lunding Source: TJSTA Forest Scrvice. Duration: October
1995 v September 1996, Amount Funded: $124,411

Assessment of Global Change/Cultural Practice Effects on Lobloily Pine Ecophysiological
Responses: Responscs 0 a Second  Application ol Thinning and  Ferlilization
Treatments. Funding Source: USDA lorest Scrvice. Duration: March 1995 o
September 1996, Amount Funded; S68.980.

Physiological, Phenological, and Morplological Adjustiments in Loblolly Pine as Relatod
to Changes in Climale, Stand Density, and Nutrition, Funding Source: USDA Forcst
Scrvice. Duration: May 20, 1991 to Deeember 30, 1995, Amount Funded: $204,000.

Evaluation of Herbivory in Baldeypress and Its Relationship to Flooding. I'unding Source:
USDIFWS. Duration: June 17, 1971 to January %4, Amount Funded: $30,000. With
Richard A. Govor.

Root Growth Response of Several Bottonland Oak Species to Flooding, Funding Source:
USDA-Forest Service. Duration: August 1988 to August 1991, Amount: $47,400.



Jiny L. Chambers {(continucd)

Regeneration of Bottommland Hardwoods by Underplanting. Funding Sovree: Willizms Inc,
Duration: Janmuary 30, 1984-December 30, 1988, Amount: S2,50(.

Fffects of Cultural Practices On Tree Ireshness and Needle Retention in Virginia Pine.
Funding Sowece: Touisiana-Mississippi  Chiistmas  Tree  (hrowers  Association.
Duration: Apnl 1986-1987, Amount Fanded: $6,000,

Screening Transplanted, Comtainer-Crrown  Loblolly Pinc Seediings for {irowih and
Survival Based on Physiological Responses. Funding Source: USDA-Fores| Serviee.,
Duration: October [1984-Tanuwary 1988, Amount Funded: $19,100.

Variation in Drought Response among Hali-Sth Families of Shortleaf Pine.  Funding
Source: USBA-Forest Service. Duration: October 1987-Seplember 1988, Amount
Funded: 510,000,

Physiological Responses of Sclected Rottomland Tree Species te Flooding.  Funding
Sovurce: LSU, College of Agrculture Basic Resemch Grant.  Duration:  July |,
1984-June 30, 1985, Amounl Funded: $4,250.

Salt l'all and the Genetic Resistance of Live Qak to Saline Conditions, Funding Source;
International Salt Company. Duration: 1979-1985, Amount Funded: $20,000.

Salinity and Vegelation Damage. Funding Source: International Salt Company. Duration:
1977-1978, Anrount: $5,800 plus 511,000 in dircet New Equipment Donations.



Thomas Joseph Dean

Thomas Joseph Deun
School of Renswable Natural Roesowrces
Lowisiana State University
Baton Rouge, LA 70803
Phove: (225) 578-4216; Fax: (225) $78-4227; comail: Lwdean(dlsu.edu
Eclucation:
University of Oklahoma, Chemical Engineering, no degice
COklahoma Slale Uhniversity, Agriculture (Forestry, Scicnec oplion}, 3.5, 1977
Liniversily of Missourd, Forestry, M.5., 1081
Thesis: "The Tolerance of Black Walnut™
Ulsh State University, Forest Ecology, Ph.LY., 1986
Disscitation: "Stem Mechanics as a Theoretical Basis for the Seli~thinning
Rule"

Professional cxperience:

1991 -Present: Profcssor {2004-), Associate Professor (1996-2004), Assistant Professor
(1991-1996), Quantitative Silviculture, Louvisiana Statc University AdM
and 151U Agricultural Center, Balon Rouge, Lounisiana

2000-Present: Adjunct Prolessor, Departiment of Forostry, Mississippi State University,
Mississippi State, MS

1987-1991:  Assistant Rescarch Scienlist, Department of Forestry, University ol
lilorida, CGainesville, Florida

1986-1487:  Postdoctoral Vellowship, Department of Forest Resowrces, Utah State
University, Lopan, Utah

1983-1986:  Graduate Research Assistant, Department of Forest Resources, Utah State
University, Logan, Utah

1981-1983:  Research Technician, Department of Range Scicnee, Tah State
University, Lopan, Uftah

1980: Special Research Project Coordinator, Southem Forest Research Center,
Weyarhaenser Company, Lot Springs, Arkansas

1978-1981:  (raduale Research Assistant, School of Vorestry, Fisheries, and Wildlile,
University of Missouri, Cotumbia, Missouri
Honors, awards, and memberships in professional societics and trade associations:
Xi Signma Pi
Stgma Xi
Departmental Fellowship, Utah State University
Society of Amcrican Foresters
Louisiana Forestry Association
Gamma Sigma Delta Teaching Merit Honor Roll {1996, 1999, 2000)




Thaomas JToseph Dean (continucd)

Grants received:

Nutrient supply and demand: relationship Lo long-tern soil productivity, silviculiure, and
forest floor management. Coprimicpal investigator, Agenda 2020 Sustainahle
Lorestry Rescarch Program, UISTYA Forest Service. Other investigators: 1A, Scoti
(S} (PI), M.A. Sword-Sayer (FS), 1P Barnett {I'S}, R.A. Newhold (T.4 Tech
University). $375.000 subcontract to LSU AgCenter $145,500. 2005-2008

Moniforing soil productivity and cnvironmental quality in second rotation southern pine
plantations: a rescarch, industry, and university cooperative. USDA Forest Service
Challenge Grant. Prineipal investigator (1997-2005), Coprincipal investigator
(1994-1996}) Other investigators M.C. Carter (PL, 1994-1996) 5533,000 (smmmation
of annual awards) 1994-2005

Development of procedurcs [or intensive stand-level inventorics combining LIDAR and
speetral remote sensing [ools with traditional inventory approaches, Mississippt State
Universily Remole Sensing Technology Center. Coprincipal Tnvestigator. Other
investigators: D.I.. Fvans, 5.D. Roberts, R.C. Parker, and LA, Munn {Mississippi
State Umversity); QLY. Cao (LS ApCenter). $288 692 54 subcontract to LSLT
AgCenter 360,503, 2002-2004.

Producing an mnteractive knowledge base for pine regeneration for the Louisiana Forestry
Productivity Program. Louisiana Department of Agriculture and Forestry, Principal
Investigater. Co-prineipal mvestigators: M. Ihmn and M. Chamberlain, $370,303.00.
2001 2006,

Enhancing lidar-based estimates of forest stand structure through incorporation of low-
altitude hyperspectral imagery. Remote Sensing Technology Center at Mississippi
State Uimversity, Coprincipal Investigator, Other invesligators: 5.1, Roberts and [,
Evams (Mississippi State University), 112,350 for two years; subcontract to 1.5U Ag
Cir $8,400. 2000,

Enhancement of Forestry, Wildlife, and Fisherics cducation through technology. LSU
Stuwdent Technelogy Iee Lhsciple Speeific Grant. Coprincipal Investigator, Other
mvestigators: L. Chambers {PI), Q.V. Cao; R. Vlosky, $92,550. 1999

Leaf arca and volwme estimates i loblolly pine forests derived from aerial imaging
LIDAR. NASA, Coprincipal Investigator. 5278,96] lor lwo years; subcontract Lo
LSLI Ag Cir $52, 430,00, 1999-2001.

Comparative Elfects of thinning on vesidual stand structure and growth, USDA Forest
Sarvice Cooperative Agregment. 1997-2000. Prineipal Tnvestigator, $23,000.00.

L 997-2000.

Evaluation of reforcstation techniques lor comverted wetlands in the Lower Mississippi
Alluvial Vallcy. USGS Biological Survey Research Work Order. Principal
Investigator, $30,000.00. 19931604,

Climate change effects on forest biomass and growth: establishing a baseline using size--
density relations. USDA Forest Service Cooperative Agreement, 1992-1995.
Principal Investigator. $12,500.00. 1992-1995,



Thomas Joseph Dewn {continued)

Responsc of slash ping families to acidic precipitation and ozone stress in Norih Florida,
LISDA Forest Service Coopcerative Agreement. 1987-1992, Coprincipal Tnvestigator,
51.404 000,00, 1987-1992,

Lditorial boards:

2002 -present Associate Editor, Silviculture (pine), Southern Jouwrnat of Applied
Forestry
2002-prescnt Ediloral board, l'orest Ceology and Management

Publications {underhined nanes: graduate students, postdoctoral rescarchers, and

cmployess):

Peer-reviewed

Cao, Q.. and T.). Dean. 2008, Using segmented regression 10 model the density—sive
relationship in direct-seeded slash pine stands. Forest Ecology and Management i
press.

Dicus, C.A and T.J. Dean. 2008. Tree-soil interactions affect production of lobloliy and
slash pine, Forest Scienec in press.

Scott, DA, and T.J. Dean. 2006. Energy trade-oifs between intensive biomass
utilization, site productiviiy loss, and amcliorative treatments in loblolly pine
plantations. Biomass and Bioenergy 13¢:00t-1010

Carter, M.C., T.J. Dean, 7. Wang, R.A. Newbold, and T. Cooksey, 2006, Impacts of
harvesting and post-harvest treatments on soil bulk density, soil strength, and early
growth ol Pinus feada L. an LISP affiliated stwdy. Canadian fournal of Forest
Research 36: 601-614,

Roberts, S.D., T.J, Dean. D.L. Evang, J.W. McCombs, R.L. Harrington, and P.A. (Glass.
2005. Estimating individual tree leaf area in loblolly pine plantations using LiDAR-
derived measurcment of heighl and crown dimensions. Forest Ecology and
Management 213: 54-T(1

Teves, M., T.IL Dean, Q.V. Cac, and S.D. Roberts, 2003, Deseribing leaf area distribution
m loblelly pine plantations with the Johnson's Sp function. Forest Science 51; 93-
101.

Long, I.N_, T.I, Dean, and 5.13. Roberts. 2004, Tinkages between silvicullure and
ecology: examination of scveral importmt conceptual models. Forest Ecology and
Management 200: 249261

Sword, M.AL, J.C. Goels, 1.L. Chambers, Z., Tang, T.J, Dean, J.D. Haywood, and D],
Ledue. 2004, Tong-term trends in lobloly pnne productivity and stand
characleristics in responsc to thinning and fertilization in the westem Gulf region,
Forest Ecology and Management 192:71-96,

Adeorez, M., T.J, Dean, 5.13. Roberts, and L. Evang. 2004, Patterns of branch
permeability with crown depth among lobloliy pine families differing in growth rate
and crown size, Trees- Structure and Fumehion 18 145-150.
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Jim L. Chambers

Weaver Brothers Distingiished Professor of Forcstry
School of Renewable Natural Resources

Lonisiana State University and LSUI Agricultural Center
Baton Rouge, LA

Woik Phone (225) 578-4222; Fax 578-4227

e-niail: jchambi@ilsu.cdu

Formal Fducation:

Dieeree Tnstiution Field of Studv Dewmes
Univ. of Nebiraska Pre-Forestry N/A
B.S. Souther L. Univ. Agnculture (Major, Forestry) 1970
M.S. Southerm Il Univ, Forestry (Ecology) 1972
Ph.D. LIniv. of dMissowri For. {Eco-Physialooy) 15376

Agademic Kxperience:

Emplover Title Specialization
Lowsiana State Univ.  Weaver Brolhers Professor of Forestry
Louisiana State Univ.  Forestry Program Leader

Louvisiana Statc Umiv.  Trofessor Physiology/Ecology
Louisiana State Umiv.  Assoc. Professor FPhysiology/Ecology
Louisiana State Univ,  Asst. Professor Physialogy/Ecology

Acadennic Assignment: Rescareh 50%Teacling 50'%

Dates
2001- present
2000-2005
19949-200)1
1981-1999
1976-1981

Awards, Recognition of Scholarly Achievement, Professional Societies

Xi Sigma P
Sigma X
Cramma Sigima Delta

Gamma Sigma Delta Dean's Teaching Honor Roll (1998799, 2000/01, 2006/07)
Fndowed Professorship: Weaver Brothers Distinguished Professor Foresiry

Society of American Foresters
Socicty of Wetland Scientists
Louisiana Forestry Associatiation



Jim L. Chambers {continued}
Publications In Print:

Book Chapters, Articles in Refereed Journals, Refereed Bulletins or Referced
Proceedings;

Krauss, KW. JI. Chambors, 1Y Creech. 2007, Sall tolerance of tidal freshwater S I
speeles: wdvances using baldeypress as a mode] (or restoration. Chapter 14 in
Conner WH, Doyle T'W, Krauss KW {cds) Ecology of Udal freshwater swamps of
lhe southeastern United Stales (Springer Publishers, New York),

Faulkner. S.P., JL. Chambers, W H. Councr, R.F. Keim, 1.W. Day, E.5. Gardiner, p.S.
Hughes, 5.1 King, K.W. Mcleod, C A, Miller, J A MNytian, snd (0.P. ShalTer
Conscrvalion and Use of Coastal Wetland Forests in Louisiana. 2007, Chapter 16 -
in Conner WH, Doyle I'W, Krauss KW {cds) Ecology o tidal feshwater swamps of
the southeastern United States (Springer Publishers, New Yark).

Krauss, KW, PJ. Young, J.L. Chambers, T.W. Doyle, R.R. Twilley. 2007, Sap Now
chavacteristics of neolropical mangroves i Nooded and druined soils. Tree
Physiclogy 27, 775-783.

Lockhart, B.R. and 1. Chambers. 2007. Chomrybark oak stumyp sprout swrvival and
development five years following plantation thinning in the lower Mississippi
alluvial valley, USA, New Forests 33:183- 192,

ieim; R, J. L. Chambers, M. 5. Hughes, L. D. Dimov, W. H. Conner, G. P. Shaffer,
Emile 8§ Cardiner, Joln W Day. 2006, Long-term suceess ol stump sprouts in high-
graded baldeypress-water lupelo swamps in the Mississippi Delta. Forest Licology
and Management 234,24-33.

Keim R.F., I.L. Chambers, M.S, Hughes, J.A. Nyman, CA, Miller, W H, Conner, | W,
Day Ir., 3P, Faulkner, E.5. Gardiner, S.L. King, K. W. WMcLeod, and G.P, Shalfer.
2006, Ecological consequences of changing hydrological conditions in wetland
forests of coastal Louisiana, pp. 383-395, In (ed) Y. Jun Xu. Coastal Enviramment
and Water Quality. Water Resources Publications. Highlimds Ranch, CO. 519 p.

Chambers, J.L., Conner, W.H., Day, J.W ., Faulkner, S.0°, Gardiner, E.S., Hughes, M.5.,
Keim, R.F., King, S.L., Mclead, K.W,, Miller, C.A., Nynwn, J.A., and Shaffer,
G.F. 2005, Conservation, prolection and utilization of Louisiana’s Coastal Wetland
Forests. Tinal Report to the Governor of Louisiana from the Coastal Wetland Forest
Conscrvation and Use Seicnee Working Group. {speeial contributions from Aust,
WML, Goyer, RUAL, Lenhard, GJ, Souther-Effler, R.F., Rutherford, D.A., and
Krlso, W.E 121p.

Dimaov, LI, Chambers, J.C., Lockhart, B.R. 2005, Spatial conlinuity of tree altributes in
buttomland hardwood {orcsis i the southeastein United Srates. Forest Science
S1(6): $32-540,

Tang, 2., ML.AL Sword Saver, ILL. Chambers, and ILP. Burnen. 2004, Inicvactive eticets of
fertilization and throughfall exclusion on the responses and whole-tree carban
uptake of mature Toblolly pine. Canadian Joumal of Botany §2:850-86t .

Sword Sayer, MLAL, 1C. Gaelz, Chambers, J.1.., 7. Tany, and ‘I Dean, LD, Flaywrond,
and 1.1 Teedue, 2004, Longterm trends in loblolly pine productivity and stand
charactertstics in responsc o stand density and fertilization in the western guif
region. TForest Ecoloey and Management 192:71-96,



Jimy I Chambers fcontimuoed }

Tang. 7.. Chambers, I.T... Sword, M.A_ Barnetl. TP, 2003, Scasonal photosynthesis and
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Co-developer of G3Reor (with Swresh Guddanti) o computer sofiwvare program which
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elassificalion, und number of root tips from scanned imuges. This pragram was marketed
commercially in the LLS. and abroad by PP Systems of [averhill, Mainc.
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Mature tree response to hurmcanes m northern Gulf Coast cormmunities. Pls Hallie Doser
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Scicnce to Estabhsh Tuierim  Guidelines for Coastal Wetland Forest Hurvesting,
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Water Flux at different levels of scalc in a Loblolly Pine stand PI's Fim L. Chambers and
Zhemin Tang. ['unding Source: TUSDA-FS, Duration: 2yrs. Funds requested: 5166,759
Lunded at $166,759.

Warter Flux at Dillevent Levels of Scale within a Loblolly Pine Stand as a Function of
Environment and Cultural Practices, Phase TV, Source: USDA Forest Service.
Duration:; FY 2001, Amount Funded: $59,984.

Evaluation of Increased Tree and Branch Morlality in Lonisiana. Sowrce: CLECO, Central
Louisiana Electric Cooperative. P's Tim Chambers and Joy Young, Duration: 12-01-
00 to (5-30-00. Amount Funded: 527,392,
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Water Flux at Thfferent Fevels of Secale Within & Tobiolly pine Stand as a Functiom of
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Waler Flux at Different Levels ol Scale willhin a Loblolly Pine Stand as 2 Fanction of
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Understanding Botomland Hardwood Responsces 1o an Operational Thinning, Funding
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Responses: Rcosponscs o a Second  Application ol Thiming and  Fertilization
Treatments U (Extended) Funding Source: USDA Forest Service. Duration: Oclobey
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Regencration of Bollomland Hardwoods Ty Underplanting. Funding Source: Williams Tne.
Duration: January 30, [484-December 30, 1988, Amount: 52,500,

Effecls of Cultural Practices On Tree Ireshness and Needle Retention in Virginia Pine.
Funding Scurce: Lowsians-Mississippl  Chrisimas  Tree  Growers  Association.
Diuration: April 1986-1937. Amount unded: 56,000

Sereening  Transplanted, Container-Growl Loblolly Pine Seedlings fov Growth  amd
Survival Bascd on Physiological Responscs. Funding Source:  USDA-Forest Service.,
Duation: October 1984-Fanuary 1988, Amount Funded; 519,100,

Variation in Drought Response among Hall*Sib Families of Shortteal Pine. IFunding
Source: USDA-Fovest Service. Duration: Gclober 1987-Scptember 1988, Amount
Funded: $10,000.

Physiological Responses of Sclected Botiomland ‘Iree Species w Flooding.  Funding
Source: LSU, College of Agricwltwe Basic Rescarch Grant, Duration:  Tuly t,
1934-Jung 30, 1985, Amount Funded: 54,250,

Salt Fall and the Genetic Resistance of Live Oak to Saline Conditions, Funding Source:
International Salt Company. Duration: 1979-1985. Amount Funded: $20,000,

Salinity and Vegetation Damage. Funding Source: Intemational Salt Company, Duration:
T977- 1978, Amount: $5,800 plus 11,000 in divect New Lauipment Donations.



Thomas Joseph Dean

Thomas Ioseph Dean
school of Rencwable Natural Resources
[.ouisiana Statc Umversily
Baton Rouge, LA 70803
Phone: (225) 578-4216; Fax: (225) 578-4227; e-mail: fwdcan@lsu edu
Education:
University of Oklahoma, Chemical Engincering, no degrec
Oklahoma State University, Agricultre (Foreslry, Science option), B.S., 1977
University of Missoun, Forestry, M.5., 1251
Thesis: "The Tolerance of Black Walnul"
Ltah Statc University, Forest Leology, Ph.DD., 1986
Dissertation: "Stem Mecchanics as a Theoretical Basis for the Self-thinning
Eule”
Professional experience:

1991-Present: Professor (2004- ), Associate Professor (1996-2004), Assistant Prolessor
(1991-15940), Quantitative Silviculture, Louisiana State University A&M
anet LSU Agricultural Center, Baton Rouge, Lowisiana

2000-Present: Adjunct Professor, Department ol Forestry, Mississippi State University,
Mississippi Stare, MS

1987-1991:  Assistant Rescarch Scientist, Department of Forestry, Universi Ly of
Florida, (GGammesvalle, Florida

LE36-1987.  Tostdoctoral FFellowship, Department of Forest Resources, Utah State
Umiversity, Logan, [itah

1983-1986:  Graduate Research Assistant, Department of Iorest Resowrces, Utah State
University, Logan, Urah

1981-1983:  Research Technician, Deparliment of Range Science, Utah State
University, Logan, Utah

1980: Spccial Research Project Coordinator, Southern Forest Ressarch Center,
Weyerhaeuser Company, Hol Spnngs, Avkansas

1978-1981:  Graduate Rescarch Assistant, School of Forestry, Fisheries, and Wildlife,
University of Missouri, Columbia, Missouna
Honors, awards, and memberships in professional sogieties and trade associglions:
Xi Sipgma T
Sioma Xi
Departmental Fellowship, Utah State Untversity
Society of Anlerican Forestors
Lowsiana Forestry Association
Cramma Sigma Delta Teaching Merit Honor Roll (1996, 1999, 2000)




Thoimas loseph Dean {continued)

{srants reecived:

Nutrieut supply and demand: relationship to long-lenn soil productivity, silviculture, and
forcst floor managentent. Coprinicpal investigator, Agenda 2020 Sustainahle
Forestry Research Program, USDA Forest Service. Other investigators: 1) A, Scott
(FS3) (FD), M.A. Sword-Sayer ('S8), J.P Bamett ('S}, R.A. Newbold (LA Tech
Umversity). 5375.000 subcontract 1o T.SU ApCenter 145,500, 2005-2008

Moniloring soil productivity and environmental guality in second rotation southent pine
plantations: a research, industry, and university cooperative. USDA Forest Scrvice
Challenge Grant. Principal investigator {1997-2005), Coprineipal imvestipator
(1994-1996) Other investigators M.C. Carter (PT, 1994-1996) §533,000 (summation
ol anmual awards) 1994-2003,

Development ol procedures for inlensive stand-level inventorics combining LIDAR and
speetral vemote sensing ools with traditional inventory approaches. Mississippi State
University Remote Sensing Technology Center. Coprincipal Investi gator, Other
investigators: D.L. Evans, S.13. Roberts, R.C. Parker, and T.A. Munn {Mississippi
State Uiiversity); Q.V. Cao (LSU AgCenter). $288,699.54 subcomtract 1o LSU
ApCenter $60,503. 2002-2004.

Producing an tnteractive knowledge basc [or pine regencration for the Louisiana larestry
Productivity Program. Lowisiana Department of Agricuiture and F orestry, Principal
Investigator. Co-principal investigators: M, Dunn and M. Chamberlaim, $370,303.00,
2001 -2006.

Enhaneing lidar-based estimates of forest stand structure through incorporation of low-
altitude hyperspectral imagery, Remote Sensing Technology Center at Mississippi
State University. Coprineipal Investigator, Other lnvestigators: $.D. Roberts and D,
Evans {Mississippl State University). $112,350 for two vears; subcontract to LSU A 54
Cir 38,400, 2000.

Enhancement of Forestry, Wildlife, and Fisheries education through technology. LSU
Student Technology Fee Disciple Speeilic Grant. Coprincipal Investigalor, Other
investigators: J.L. Chambers (P1), Q.V. Cao; R. Viesky. 592,550, 1999

Leaf arca and volume cstimates in loblolly pine forests derived from acrial maging,
LIDAR. NASA. Coprincipal Investigator. $278,961 {or two years: subcontract to
ST Ag Ctr 552,430.00. 1999-2001

Comparalive Effcets of thinning on residual stand stroclure and growth. USDA Forest
Service Cooperative Agreenent. [997-2000. Principal Investigator, $23,000.00.
1957-2000.

Evaluation of reforestation techniques l'or converted wellands in the Lower Mississippi
Alluvial Valley. USGS Biological Survey Research Work Order. Principal
Investigator. $30,000.00. 1993-1994,

Chmate change clfects on forest biomass and growth: establishing a baseline usin ¥ size--
density relations, USDA Forest Service Cooperatlive Agreciment, 1942-1995.
Principal Investigator. $12,500.00. 1992-1995.



Thoimas Joseph Dean {conlinued)

Response of slash pine lamities to acidic precipitation and oxone stress in North Florida.
LSDIA Forest Service Cooperative Agrcement. 1987-1992, Coprineipal Tnvestigator,
S1,404,000.00. 1987-1992,

Fiditorial boards:

2002-present Associate Editor, Silviculture (pine), Southern Journal of Applicd
Forcstry
2002-present Lditorial board, Forest Ecology and Management

Publications (underlined names: graduate students, posidoctoral rescarchers, and

gmployeesh

FPeer-reviewerd

Cao, Q.V. and T.J. Dean. 2008. Using segmented regression to madel the density—size
relationship in direct-seeded slash pine stands. Foresl Ecology and Management i
Press.

Dicus, C.A. and T.1. Dean, 2008, Tree-soil mteractions alltet production of loblolly and
slash pine, Forest Scicnee in press.

Scott, v A, and 'T.J. Dean. 2006. Energy tradc-olis between intensive biomass
utilization, site productivity loss, and amcliorative treatments in loblolly pine
plantations. Biomass and Bioenergy 133:001-1014

Carter, M.C, T, Dean, Z. Wang, R.A. Newbold, and T. Cooksey, 2006, limpacts of
harvesting and post-harvest treatments on soil bulk density, soil strength, and early
growth of Finmus tewdde Lo an 1.TSP affiliated study. Canadian Jowrnal of Forest
Research 36: 601-614.

Roberts, 8.D., T.). Dean. [.L. Evans, J.W. McCombs, B, L. Harrington, and P.A. (Flass.
20035, Esumating individual trec leal area in loblolly pine plantations using LIiDAR-
derived measurement of height and crown dimensions. Forest Feology and
Management_213: 54-70.

Jerez, M., I'J. Dean, (.Y, Cuo, and S.1D. Bobaorts. 2005, Describing leal area distribution
in leblolly pine plantations with the Jobnson's Sp function. Forest Science 51: 93-
1411,

Tong, LN, T.J. Dean, and 5.10. Roberts. 2004, Linkages between silvicuiture and
ecolopy: cxamination of several important conceptual models. Foresl Ecology and
Management 200; 249-261 .

Sword, M A, I.C. Goelz, ).L. Chambers, Z., Tang, T.L Dean, 1.1}, Haywood, and D.J.
Leduc. 2004, Long-term trends in loblolly pine productivity and stand
characteristics in response to thinning and fertilixalion in the western Gulf region.
Forest Ecology and Munagement 192:71-96.

Terex, M., T.J. Dean, S.D. Roberts, and D.L. Evans. 2004. Pattems of branch
penneability with crown depth among loblolly pine families differing in growth rate
ang crown size. Trees- Structure and Function 18: 145-150.




Thomas Joseph Dean {continued)

Dean, T.J. 2004, Basal arca increment and growth ofticicncy as finctions of canopy
dynamics and stem gecometry. Forest Scicnee 50; 106-1 16,

Roberls, 5.1, T Dean, and DL Evans, 2003, Famly inNuences on leal area esimates

derived from crown and tree dimensions m Prrny feede. Forest Ecology and
Mamagemenl 172: 261-270.

Bean, T.J. and Q.V, Cac. 2003, Inherent correlations between stand variables caleulated
from tree measurements, Forest Science 49: 279-284,

FLockharl, B.R., B. Keeland, 1. MeCoy, and T.IL Dean. 2003, Comparing regeneration
techmiques for afforesting previously famed bottomland hardwood sites in the
Lower Mississippi alluvial valley, USA. Forestry 76; 169-18(.

Carter, M. (., Dean, T.)., Zhou, M., Mcssina, M. (7., Wang, Z. 2002, Shorl-term changes
i soil C, N, wned biota following harvesting and regeneration of loblolly pine (FPhms
toeda L), Forest Ecalogy and Management, 164; 67-85,

Dean, T.J. and §.J. Chang. 2002, Using simple marginal analysis and density
management disgrams lor preserbing densily management. Soulheimn Joumal of
Applied Forestry 26; 85-92.

Dean, T.J, 5.D. Roberts, DLW, Gilimore, DAL Maguive, K.L. (YHara, R.5. Scymour, and
JN. Long. 2002 An evaluation of the unilorm stress hypothesis baged on stem taper
in select North Amencan conmifers, Trees- Structure and Funclion 16: 559-568,

Dean, T.J. 2001, Potential cffect of stand structure on beloweround allocation. Foreat
Scicnec 47: 69-76,

Cuo, Q.V., T.L Dean, and V.C. Baldwin, Jr. 2000, Modelling the size--density
relationship i divect-seeded slash pine stands. Forest Science 46; 317-321.

Dean, T.J. and V.C. Baldwin, Jr. 1996, The relationship between Reincke's stand-density
index and physical stem mechanics. Forest Beelogy and Management 81: 25-34.
Dean, T.L and V.C. Baldwin, Jr. 1996, Growth-growing stock relabions in lobloliy pine
2% @ function of canopy dynamics. Forest Ecology and Management, Forest Ecology

and Manageinent 82: 49-58.



Christopher B, Allen

1014 5. 18" St Apt, 2
Baton Rouge, LA 70802
(225) 3306-9204 {homc)
(225} 578-4519 (work)

calle2 3@ lsn.cdu

EDUCATICNN

Master of Science, I'orest Ecalogy, Doccmber 2003

13 B. Warnell School of Forest Resources, University of Geovgia, Athens, GA
Thesis: The elleets of resource availability on canopy dynamics and radiation nsc
cliiciency in managed lorest stands.

Adwvisor: Rodney E. Will

Bachelor of Science, Farestry, May 2000
Virginia Palytcehnic Institute and State University (Virgimia Tech), Blacksburg,
Wi

CURRENT RESEARCH

My current research is in the field of forest ceology and soits. Specifically, I am
the coordinator of CRiSSSP (Cooperative Rescarch m Sustaimable Silviculture
and Soil Productivity) at Louisiana State Unmiversity. CRISSSP is g cooperative
between Louisiana State University, the USDA Foresl Service, Louisiana Tech
University, and scveral lorest ndustries. WMy research focuses on the effects of
{foresl managemenl practices on vegelalion dynamics and sail physical and
chemuecal properhes.

AWARDS/AFFILIATIONS

Society of American Forestors, 2000-prescnt
- Chair, Southeastern Louisiana Chapter, 2006

Xi Sigma Pi, National Forest Resources Honors Society, 1990-2003

Phi Sigma, National Biological Honors Society, 1998-2000)

Alpha Zeta, National Agriculivral Honors Sociely 1398-2000

Reeipient of 2™ place award in the Forest Biology section of the 2003 Graduate
Student Symposin, Warnell School of Forest Resources, University ol
Georgia

STUDY ABROAD

Study abroad program of Virgimia Tech, University of Stellenbosch, Soulh Africa,
January 1999-December 1399
s Studied South African flora, ceology, (orest management, entomology



Chiristopher B, Allen {continued)
PROFESSIONAL EXPERIENCE

Rescarch Associate, lanuary 2004 - present
School of Rencwable Natural Resowces, Touisiana State Universily

(rraduate Research Assistant, Augost 2000 December 2004
Warnell School of FForest Resourees, University of Georgla

Forest Ecology Teaching Assistant, Janvary 2002 May 2002
Warncll School of Forest Resources, University ol Georgia

Rescarch Technieian, May 2001 — August 2001
Warnell School of Forest Resouwrces, University of Geoizia

Land Survevor, August 2000 May 2001
Anderson and Associates, Ine., Blacksburg, VA

Exatic Species Control/Forest Health Technician (voluntesr), May 1998
Augusl 1298
Student Conservation Association, Circat Smoky Wountains Nationat Park

PUBLICATIONS

Allen, C.B., Will, R.E., and M.A. Jacobson. 2005. Production efficicney and
radiahon use efficiency of four tree speeics receiving nrigation and lertilization,
Forest Science 51: 556-569.

Allen, C.B., Will. R.E., McGarvey, R.C,, Covle, D.R., and M.D. Coleman. 2005,
Radiation-usc efliciency and gas exchange responscs o water and autrient
availability in imigated and fertilized stands ol sweelgwim and sycamorc. Tree
Physiology 25:191-204,

Allen, C.B., Will, R.E., SBartgumba, T, Jucobson, M., Danicls, R.F., and 5.
Kennerly, 2004, Relationsinp belween canopy dynamics and stem volume
production of [ow species receiving hrigation and fertilization, P, 343-347 in
Proccediings ol the | 2" Riennial Southern Silvieulture Research Conforence, ELF.
Connor {ed.). Gen, Tech, Rep. SRS-71. USDA Forest Service, Southern Research
Stahion, Ashawville, NC,

ORAL PRESENTATIONS

Allen, C.B., Will, R.E,, Jacobson, M.A., and R.F. Daniels: “Praduction
efficiency, radiatien usc ciliciency, and canopy dynamies of lowr tree species
receiving irrigation and lertilization.” 6" Biennial Meeting ol'the Short Roration
Woody Crops Opcrations Working Group, Charlestan, SC. November 2004,



Christopher 3. Allen {(continued)
Allen, C.B.: "The efleet of water and nulrent availability on canopy dynamics
and radiation conversion of four ee species.” Invited presentation, Plum Creck
Tumher Company, Inc., Waikinsville, CA. December 2003

Allen, CRB., Will, R.E., Coyle, D.E., Coleman, M.D., and R.C. MeGarvey: ~lhe
etfect of resource availability on canopy dynaimics and hiomass accumulation n
fertigated hardwood stands.” 88" Annual meeting ol the Ecological Society of
America, Savannah, (0A, August 2003

Allen, C.B., Will, R E., Sangumba, 1., Jacohsan, M.A., Danicts, RF_, and 5.
Kennerly: “Relationship between canopy dynanties and stem volume production
of four species receiving irrigation and fortilization.” Gradoate Student
Sympoesiunl, Warnel! Schoal of Forest Resourees, Universily of Georgla, Athens,
GA. March 2003

Allen, C.B., Will, R.LC., Sarigumba, T, Jacohson, M.A | Damels, R.F., and &.
Kennerly: “Relationship between canopy dymamics and stem volume production
of {our specics receiving irrigation and ferlilization.” 12" Bicnnial Southern
Stlviculture Research Conference, Biloxi, MS. February 2003

Will, R.E., Allen, C.B. {co-presenter), Danicls, R.F., and R.C. McGarvey: "The
effects of water and nutrient availability on the radiation use efficiency and
photosynthetic capacity of short rotation woody crops.™ Short Rotation Woody
Crops Cooperative Rescarch Program Anmual Meeling, Atken, SC. October 2002

PRESENTLED POSTERS

Allen, C.B. and T.J. Dcan. The cllect of harvesting practice and sitc preparation
method on mincralizable nitrogen in young toblolly pine stands. 13™ Bicnnial
Southern Silviculiure Research Conference, Memphis, TN, Fcbroary 2005.

Allen, C.B., Dean, T.J, and D.A. Scott. Nitragen mincralization and uptake in
young loblolly pine stands as affeeted by site occupancy . 14" Riennial Southern
Silvieulture Rescarch Conforence, Athens, GA. February 2007,



Melinda Hughes

Mcelinda Hughes

Semior Research Assoclate

School of Renewable Natural Resourccs
Iowsiana State University Agricultural Center
Baton Rouge, LA

Work Phone {2251 578-4940; Fax 573-4227

EDUCATION
R.5., Forestry, Louisiana lech Uiniversity
M.S., Borany, Louisiana Tech Universiky

EMPLOYMENT AND RESEARCH INTERESTS

As aresearch associale for the School of Rencwable Natural Resources, Melinda scrved
as the coordinator of the projeet “Managing Lowsiana Forests for Water Quality” where
she worked closely with local, state, and lederal agencies to address forestry and water
quality issucs within the State. She was instrinmental in co-publishing “Managing
Louisiana’s Forests lor Water Quality”, an overview of the iniportance ol proiecting
forcsted stream habitals and welland ecosystenis.

Currently her rescarch ellorts iclude baldeypress and bottomland hardwood growth
FCSpONSCs 1o cnvirommental stresses, and regeneration of bottomland havdwoods. She was
a member ol the Governaor's Coastal Wetland L'orest Conscrvation and Use Science
Waorking Group.

(Other work experiences melude: Research Associate at Lonisiana Tech University where
she coordinated twao projects funded by the Louisiana Dopartment of Naiural Resources.
She also served as a Research Associate for the Hill Farm Resesrch Statton and worked
for the TS, Forest Service as a Soil Scientist where she was instrumental in developing
and mplementing the first, national, lang-tern forest so1l productivity study, Her work
gxpenence also includes three years as an Environmental Specialist for Louisiana’s
Department of Environumental Quality, Olfice of Water Quality.

PUBLICATIONS

Faulkner, 5.P., J.L. Chambers, W.11. Conner. R.F, Keim, LW, Day, E5. Gardiner, M.5.
Hughes, 5.1 King, K.W, McLeod, CA. Miller, JA. Nyman, and G.I°. Shafter
Conscrvation and Lse of Coastal Wetland Forests m Louisiana, 2007. Chapler 16 -
in Conner WH, Thoyle TW, Krauss KW (eds) Ecology ot tidal [reshwarer swamps of
the southeastern United States (Springer Publishers, New York).

Keim, RF., Chambers, LL, Hughes, M5, Dimov, 1.0, Conner, W.H., Shaffer, (3.P.,
Gardiner, E.5., Day, 1.W. 2006, Long-Term Success of Stump Sprouts in Cutaver
High-Graded Baldeypress—Water Tupelo Swamps in the Mississippi [Delta. Torest
Ecology and Management 234:24.33,



Melimda Hughes (continued)

Kem, Rob., Chambers, L1, Hughes. M.5. Gardiner, £S5, Conner, W.H., Day, JW.,
Faulkner, SP., King. S MeCleod, KW, Miller, CA,, Mynwan. LA Shallor,
Gr., Dimov, T.T0 2006, Long-term success of baldeypress slump  sprouts.
Procecdinyges of the 13th Bienmal Southern Silvicullural Research Conference.
Connor, K.T. {ed.}, Gen, Tech. Rep. Asheville, NC: EISIIA Torest Scrvice. Southern
Eescarch Station, 5590-563.

Chambers, I Conner, W.H., Day, W, Fawlkner, 5.0, CGardiner, £.8., Hughes, M.5.,
Koy, BF., King, ST McLeod, KW, Miller, C AL, Nyman, LA, wnd Shaffer.
1P 2005 Conscrvalion. protection and utilization of Louisiana's Coastal Worland
Fuorests, Final Report 1o the Governor of 1.ouisiang from the Coastal Wetland Forest
Conscrvalion and Lse Science Workimg Group. {(speeial contributions from Aust,
WM. Goyer, R AL, Lenhard, (1. Southur-Effler, R.F, Rulherfind, 13.A., and
Kelso, W.E). 121

Keim, R, Li.. Chambers, M.S. lHughes, W.H. Conner, 1.3, Daay I, 51 Faulkner, ES.
Gardiner, 5.1.. King, K.W. McLeod, C.A, Miller, J.A. Nyman, G.P. Shaffer, and L,
Dimov, 2006, Long-term success of stunp sprowts in baldeypress, pp. 559-
503.Conner, Kitsuna F. {ed)) Gen. Tech, Ilep. SRS-92. Asheville, NC: U5,
Department of Agricutture, Forest Service, Southern Rescarch Station..,

Keim R.F, 11 Chamnbers, M.S. Hughes, T.A, Nyman, C.A Miller, W.H, Conner. T.W,
Day Jr., 5.1, Faulkeer, .5, Gardiner, $.L. King, KW, McLeod, and G.P. Shaffer.
2006, Feological consequences of changing hvdrological conditions in wetland
forests of coastal Louisiana, pp. 383-395. In {{ed) Y. Jun Xu. Coastal Environment
and Water Quality, Proceedings of 25(h American Tnstilule of liydrology,
Iaternational Conference on Challenges in Coastal Hydrology and Water Qualiry.
Water Resources Publications. 1lighlands Range. CO. 519 p.

Chambers, ILT.., W H. Conner, R.F. Keim, §.P. Faulkner, 1. W. Day Jr., BE.8. Gardiner, M.5.
Hughes, S8.L. King, K.W, McLeod, (CA. Miller, JA, Nyman, and G.1°. Shatter.
2006, Towards sustainable managenment of Louisiana's coustul wetland [orest;
Problems, constraints, and 3 new beginning. pp. 150-157. ASARE Inlcmational
Conference on Forest Hydrology and bManagement of Forcsl Wetlands. Publisher,
American Society of Agricultural Engineers, St Joseph Michigan.



TOM COUSTE’, P.E.
JESCO - SR, PROJECT MANAGER

EDUCATION
McMeese State University, B.S., Civil Engineering, 1998
PROFESSIONAL REGISTRATION

P E.. Louisiana, No. 30614
P E., Arizona, No. 43290

KEY QUALIFICATIONS

Mr. Couste serves as the Sr. Project Manager for JESCO Environmental &
Geotechnical Services, Inc. (JESCO) an multiple debris monitoring contracts and
remediatton projects involving the management of office and field personnel. Mr,
Cousté has experience designing and implementing site investigations, risk
evaluations, construction and demolition activities, Corrective Action Plans, as
well as interfacing with State and Federal reguiatory agencies to insure
compliance with all regulations.

In addition, Mr. Cousté services as the Environmental Engineer on a variety of
environmental compliance projects. Mr. Cousté has planned, developed, and
obtained 26 Coirps of Engineers Section 404 and Section 10 permits, designed
and acquired a NPDES Permit for a 30,000 bpd refinery, designed and
developed 2 Type lll Landfils, modified 2 Type Il Landfills, designed 5
Stormwater Pollution Prevention Plans, performed onsite training for client
personnel to assume stormwater inspections, completed 18 Phase |
environmental site investigations for local industrial and commercial properties,
completed 5 Environmental Baseline Studies for the Federal Government,
responsible for providing regulatory liaison with USCOE, LDEQ, EPA, etc.,
developed 12 Needs Analysis and Alternate Sites Analysis studies for Corps of
Engineering, and assisted in 15 wetland delineations and determinations.

RELEVANT PROJECT EXPERIENCE

DisasterfEmergency Sarvicas

Hurricane Rita, QA Services for Debris Mission, Louisiana Department of
Transportation and Development District 07, (Various Louisiana Parishes) —
Mr. Cousté served as the Senior Project Manager for JESCO for state projects
involving inspection and recordation of debris removal after Hurricane Rita for
Louisiana Department of Transportation and Development District 07 regarding
the FEMA/USACE debris removal mission. This involved the supervision of
various sized groups of personnel working in locations that were devastated from
hurricane Rita (Calcasieu, Cameron, Jeff Davis, Allen, Beauregard Parishes}.




Mr. Cousté supervised quality assurance inspectors in measuring  and
documenting demolition and debris guantities associated with the above-
described project as well as all construction and demolition estimates associated
with project remediation activittes. Mr. Cousté developed and administered
various programs that include debris inspector and team leader training. M.
Lousté attended update meetings for the State and Local officials.

Hurricane Rita, QA Services for Debris/VVegetation Mission, Calcasieu
Parish Police Jury, (Calcasieu Parish) — Mr. Cousté served as the Senior
Project Manager for JESCO for the parish project involving inspection and
recordation of trimming of dangerous vegetation in Calcasieu Parish roadway
right-cf-ways after Hurricane Rita for FEMA/USACE debris removal mission.
This involved the supervision of various sized groups of personnel working in
locations that were devastated from hurricane Rita {Calcasieu Parish roadways).
Mr. Couste supervised quality assurance inspectors in eligible trimming
determination, which included branch trimming, tree removal, and stump
removals. Mr. Cousté conducted update meetings for the Local officials.  Mr.
Cousté developed and administered various programs that include debris
inspector and team |eader {raining.

Hurricane Rita, QA Services for Debris Mission, City of Lake Charles, (Lake
Charles, LA) — Mr. Cousté served as a supervisor for JESCO for city projects
involving inspection and recardation of debris removal after Hurricane Rita for the
City of Lake Charles Public Works Division. Mr. Cousté supervised quality
assurance inspectors in measuring and documenting demolition and debris
quantities associated with the above-described project. Mr. Cousté supervised
the measuring of trucks and trailers.

Hurricane Katrina, Emergency Services and Debris Clearing, Federal
Reserve Bank - New Orleans Branch, (New Otleans, LA) — Mr. Cousté servad
as the project manager for JESCO for Federal Reserve Bank projects involving
emergency services and debris clearing support after Hurricane Katrina. Mr.
Couste coordinated the timely procurement and delivery of potable water, bulk
fuel, and food by JESCO transportation crews. Additionally, Mr. Cousté
provided coordination and supervision of emergency debris and refuse removal
services for the New Orleans Branch.

Site Assessment/ Risk Evaluation/ Environmental Remediation

Washington Citgo, (Washington, LA) — Mr. Cousté serves as the project
manageifengineer for a 9-city block hydrocarbon release at Washington Citgo.
Mr. Cousté oversaw all site assessment activities {18 borings, 10 monitering
wells — 60 feet deep), prepared the site assessment report, and reviewed the
Risk Ewvaluation. Mr. Cousté designed and implemented an interim corrective
action due to the large amount of LNAPL located on the groundwater. Mr.
Cousté developed a pilot study to anaiyze the true radius of influence and actual
recovery rates. Currently, Mr. Cousté is designing the Corrective Action report




for the facility. Also, Mr. Cousté reviews the quarterly monitoring welt data and
develops the semi-annual reports.

City of Breaux Bridge Water Plant, {Breaux Bridge, LA) — Mr. Cousté serves
as the project manager for multiple hydiocarbon releases at the Breaux Bridge
Water Plant. Mr. Cousté prepared the Coirective Action report for the facility.
Additionally he designed iwo (2) dual phase extraction remediation systems to be
installed at the facility. The treatment systems are designed with a recovery rate
of between 12,800,462 - 17,379,480 gallons per year for two years. Currantly,
he is overseeing the unit construction phase.

Auzeune & Dessalle, (Opelousas, LA) — Mr. Couste serves as the project
engineer for JESCO for the Auzeune & Dessalle Site. He oversaw all site
assessment activities (23 borings, 22 monitoring/recovery wells), prepared the
site assessment report, prepared the Risk Evaluation, and Corrective Action
report for the facility. He designed a dual phase extraction remediation systems
to be installed at the facility. The treatment system will consist of a fifty {50)
horsepower oil cooled liquid ring pump, 80 gallon centrifugal vaporfliquid
separator, fifteen gpm oiliwater separator, fifteen (15) gpm tray type counter
current air stripper, associated transfer pumps, instrumentation and a central
control panel. The units will remediate soil and groundwater. Mr. Cousté reviews
the quarterly monitoring well data and develops the semi-annual reports.

Louisiana Department of Transportation and Development - indian Inn
Station, (Pollock, LA} — Mr. Cousté serves as the project engineer for JESCO
for the Indian Inn Site. He oversaw all site assessment activities {10 borings, 5
moenitoring/recovery wells, P&A of 2 damaged wells), prepared the additional site
assessment report, and compared the assessment data to the original Risk
Evaluation. Mr. Cousté reviews the quarterly monitoring well data and develops
the semi-annual repors.

Construction

LA Hwy. 165 UST Project, {Qakdale, LA) ~ Mr. Cousté served as the project
manager for JESCQ for the LA Hwy. 165 UST project. He oversaw all UST
closure activities (removal of 29 USTs with dispenser islands), environmental
sampling, and prepared the closure reports. Mr. Cousté planned and supervised
the removal of contaminated soils at various UST locations. Mr. Couste also
planned and supervised the remedial excavation closure samples.  Mr. Cousté
reviewed the closure data and developed additional closure reports.

Environmental Compliance

Union Pacific Storage-in-Transit Railcar Yard, (Suiphur, LA) — Mr. Cousté
served as the environmental engineer for the 1,300 railcar Union Pacific SIT yard
project. Mr. Cousté developed a need analysis plan and alternate sites analysis
plan for the 256-acre facility, worked with the local planning and zoning board to
rezane the area to be developed, assisted in obtaining the Section 404 Permit,




and developed the Stormwater Pollution Prevention Plan for the construction
phase. Mr. Cousté provided weekly inspections of the stormwater structures and
erosion control measures.

Chaney Trucking Landfill, (Leesville, LA) - Mr. Cousté served as the
environmental engineer for the Chaney Trucking Landfill. #r. Cousté developed
and obtained the Type Il Landfill application, collected geotechnical samples, re-
zoned the developed, oblained the water quality permits, developed the
Stormwater Pollution Prevention Plan, and provided the initial inspection of the
project,

TRAINING

» 29 GCFR 1910120 Hazardous Waste Operations and Emergency
Response HAZWOPER (40 HR)

# & hr. Manager/Supervisors Training Course in 28 CFR 15810.120 and DQT
Hi-12F Hazardous Operations and Emergency Response

PROFESSIONAL AFFILIATIONS

# National Society of Professional Engineers,

~ Louisiana Engingering Saciety,

~ The Society of American Military Engineers, and
# Army Engineering Association
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segtion £ - Descriplions and Specilications

IMIEFINITE DELIWERY CONTRATT WY 2P8-(7--0046
TASK QORDER MO, 0002

SUBJHECT: Tree Root Documentation and Analyscs in support of Cotps of Engineers
Tree Removal Program at Levees and Floadwalls in New Qrleans District

FIRN: JESCO
CONTRACT NUMBER:

PROJECT LOCATION: The project area is broadly defined as the 1,300 miles of Corps
of Enginects levees in the New Orleans District located in southern Louisiana. The
studly area for data colicction will be focused on tree vemoval project areas in the
metropolitan New Orleans arca including, but not limited to: East Jefforson lakefront
levee, the New Orlcans lakefront levee, Orlcans Avenue Canal levee/floodwall on City
Park side, both sides of the London Avenue Canal, and both sides of the 17th Street
Canal.

L. PERFORMANCE BASED WORK STATEMENT

The New Orleans District, U.S. Army Corps of Engineers (MVN) requires data
gathering and analyses of tree root extent and behavior o support the refinement of
vegetation management guidelines for Federal and non-Federal levees and floodwalls.
The contractor will conduct comprehensive literature review and consultations with
local and regional experts to develop baseline information en tree root behavior. The
contractor will also investigate the feasibility and effectivencss of remote sensing
technigques for determining root extent in local soif conditions. The scope of the research
will include tree voot barrier products to determine various tvpes available, costs and
ctfectiveness. The documentation and analyses of tree root extent and behavior will take
advantage of data available during the uprooting and/ or removal of trees and stumps
from various levec and Hoodwall reaches in MYN as part of the on-going tree removal
program. The contractor will gather data on root sizes, vertical and horizontal extent,
suil characteristics, root behavior adjacent to levees, and tree performance during high
winds and other storm events, The data will be collected and analyzed by tree species,
free size or age, soil types, and other defining parameters. Comprehensive draft and
final reports will be prepared.

Corps of Engineers guidance conlained in Eagineer Manual 1110-2-301 provides for a
"vegetation-free zone” of 15 fect at the toe of levec structures and a 3-foot “root-free
zone” inmediately adjacent to the levee section. Requirements for floodwalls Vary.
Other Corps documents address vegetalion management adjacent to flood control
features but generally lack specific distances between treos and structures.



Lo DESCRIPTION GF WORE ARND SERYICES
Tha stdy shall be performed in three phases/tasks as provided below:

x!

o Phaze 2 - Datg Gathering

o Piage 3 - Data Analyses and Report Preparaiion

The table below provides performance metrics for each of the tasks to be performed.

WelIns-07-D-0040
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Phase 1 — Literature Baview and Consultation with Experts

with Experts

thorough review
and consultations
to confirm
fieldwork
methodoloy.

Performance Performance Method of Outcome for
Dbjective Threshold Surveillance Failure

Literature Review | Contractor The Contractor Payment will be
and Consultation | performs will present withheld untl the

preliminary
(phase 1) report to
the Project
Delivery Team.
Detivery is
monitored by Piv,

preliminary report
is accepted by PM
{per Payment
Milestone 1 in
section VI[}).

| Data Gathorin g

Completion of all
required
fieldwork, office
rescarch, and froe
removal
Monitering.

Data Analyses and
Report
PPreparation

i

i

The conduct of
fleldwork will be
monitored by PM
and PDT.

EFailure to
complete all
fieldwork and
other data
gathering will
result in withheld
payment (per
Payment
Milestone 2 in
section VII).

Completion of all
technical analyses
and report
mecting the
requirements of
the scope of work.

= v

The techmical
studies
documentation
will go through
PDT review and
approval.
Delivety is
monitored by PM.

Payment will be |
withheld until the
Comprehensive
Report is accepted
by the PM (per
Payment

Milestone 3 in
section VII).

TV, DETAILS OF THE WORK TASKS

Sudy iGbjerctive: The objective of the tree root stody is to identify and quantity, where
possible, free root behavior in the vicinity of floed contral sbruchures and features. The
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rusults of the study will provide infoumation required o support the development ot
erfective, specific and empirically-based vegetation management guidance for MYN
£

O

Trnage 1, Literature Review and Consuiiaiion with Experts

The contractor will begin with a comprehensive literature review and consultations
with local and regional experts to develop baseline information on tree root behavior,
The literature to be reviewed includes professional journals and publications as well as
student theses and other sources. Emphasis will be placed upon regional publications,
in particular those specific to Louisiana trees and soil characteristics. An arca of focus
during the research will be root behavior under compacted soils, such as under levees,
roads and other man-made features. In addition, the Contractor will consult national,
regional and/or local tree experts {arborists, landscape architects, urban foresters, etc )
ko compile available knowledge on tree root behavior and performance during storm
evenls,

The scope of the rescarch will include remote sensing technologics that might be used
to delineate tree root extent and characteristics. The effectiveness of such methods in
lucal soil conditions will be evaluated. In addition, the conlractor will investigate tree
root barrier products to determine various types available, costs and effectivencss. The
Contractor will review available literature on root barriers utilized to identify the
ditferent types and manufacturers available in the marketplace. The contractor will
evaluate the effectiveness of the various barriers in blocking undesivable root
penetration and any problems or limitations in their use. The relative costs of
implementation and maintenance of root barricers will also be evaluated.

Phase Z: Daka Gathering

While the phase 1 efforts are underway, the contractor will initiate documentation and
analyses of tree root extent and behavior, taking advantage of data available during the
uprooting and/or removal of trees and stumps from various levee and floodwall
reaches in MVN as part of the on-going lree removal program. The contractor will
galher data on root sizes, vertical and horizontal extent, soil characteristics, root
behavior adjacent to levees, and tree performance during high winds and other storm
cvents.

The Contractor will work closely with the Government's project manager to scheclule
fieldwork to gather information as separate tree removal contractors are performing
their work. The contractor will exercise caution to avoid interference with the tree
removal contractor’s work efforts while gathering the required data. The stump
removal contractor will vemove stumps by pulling them up or pushing them over and
all roots larger than 0.5 inches in diameler will be rernoved by excavation and
inctividual pick-up removal. Stump grinding will not be utilized except in special
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circumstances approved by the Government. Koot removal is only to accur within the
lovee section and available right-of-way, which is usually a 6 foot zone adjacent to the

PErns oD ared,

he contractor will also excavate several inspection trenches to identify, document and
remave rootys from large trees outsicle of the work area, e.g. beyond 6 feel from the levee
toe. Trae ronts identified during the renching operations will be measured and traced
sl towards the levee until diameter size is 0.5 inches or smaller. All identificd roots
larger than 0.3 inches will be removed. Since the work will be conducted in the vicinity
of heavy equipment, all appropriste satety precautions will be followed.

in addition to data gathered in Government stump/ root removal areas (East Jefferson
lakefront levee, the New Orleans lakefront leves, Orleans Avenue Canal

levee/ floodwall on City Park side, both sides of the Londen Avenue Canal, and both
mides of the 17th Strect Canal), the Contractor will supplement the data gathering with
data available from uprooted trees obtained from other sources and [ocations in the
New Orleans metropolitan area, This might include tree removal by FEMA or by
private parties.

Phase 3 Daia Analvses and Report Preparation

The data will be collected and analyzed by tree species, tree size or age, seil bypes, and
other defining parameters. Contractor will determine tree root spread and depth of
various tree types. Drawings, graphics and presentation boards will be developed for
veport dllustration and use in public mectings. Root analysis will be determined based
upon various tree trunk sizes measured at diameter breast high (DBH). An analysis
determining effect of overturned trees will be included. Size of root ball, anticipaled
hole/ depression resulting from overturned tree will also be analyzed. Diagrams will be
presented in the repost graphically depicting the results. Trees shall be analy zed within
various ground condition scenarios including dry ground, wet conditions, compacted
soil cte. Varied root growth conditions {depth, spread, and size) will be studicd and
documented in the report for typical tree types found in southern 1 ouisiana along
levees and Hoodwalls. The analyses and report will also address remaining data gaps
and further rescarch needs.

Y. EUBMITTALS AND PERIOD OF PERFORMANCE

Dieliverables

Heveral written reports are required under this task order. These reports include a
preliminary report for the phase 1 tasks, and comprehensive draft and final re ports tor
phases 1 through 3.
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afulis of Phase 1 shall be submitted within 4 weeks after award of the task order and
astice Lo proceed (NTF). This interim report will present data developed during review
oI the literature and consultation with experts. The report text will be accompanied by
daia rables and graphical representalions, as appropriate. The Project Manager will
provide comments on the preliminary repovt within two wecks of submittal.

»orreliminacy Report (Phase 1 tasks). Tour copies of a briet report sulrumarizing the

b. omprchensive Study Report (Phases 1-3), Four coples of the draft report integrating
the results of all the required tasks for Phases 1, 2, and 3 will be submitted for review
and comment within 12 weeks after award and N'TP of the task order. This
comprehensive dratt report will provide a complete presentation of the results of the
vesearch and data gathering phases. The report toxt will be accompanied by dala tables
and graphical representations, The Government will provide all review comments to
the contractor within 4 weeks after receipt of the draft reports. Upon receipt of the
review comments on the draft report, the contractor shall incorporate or resolve all
comiments aned submit a preliminary final copy of the report within 2 weeks (18 weeks
after task order award). Upen approval of the preliminary final report {within 1 week
after submittal), the comtractor will submit 20 bound copies and one unbound copy of
the final report within 20 weeks after task order award,

¥i SCHEDULE

The contractor is required to commence work within 10 calendar days of the awad
of this Task Order and NP, The schedule of deliverables for this task order is
summarized below:

Deliverable . Due (after NTTY
#. Preliminary Report (Phase 1} 4 weeks
v, Draft Comprehensive Report 12 woeeks
¢. Irelim. Final Comprehensive Report 18 wecks
d. [inal Comprchensive Report 20 weeks

¥il, PMILESTONES AND PAYMENTS

. Milestone T - The CONTRACTOR shall complete Task 1 and subumit the
preliminary report within 4 weeks of award of the task order and NTP in order to
receive 25% of the total contract payment,

& Milestone 2~ The CONTRACTOR shall complete Tasks 1-3 and submit an
acceptable draft comprehensive veport in order to receive 50% of the total contract
pavments,
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Mli:esione &~ Upon acceptance of the final comprehensive reports and computes
Ales, the CONTRATTOR will receive the final 25% of the total contract payiments.

WL LT ARC S

e Contractor is cautioned to disregard guidance pertaining to the interpretation of
sprecific requirements of the contract or modificalions to the contract, during the course
ot the shudy, from any source other than the Contracting Officer’s Reprosentative
(T3

L )

i, PROJECT MANAGEMEMT

by, Feinar Hale is the COR and primary point-of-contact {POC). The Corps project
managger for fechnical questions and coordination regarding the specific tasks of this
contract is Mr. Stephen F. Finnegan.  All deliverable items shall be delivered to the
following address:

M. Stephen F. Finnegan

ATTN: CEMVN-PRO

U.5. Army Corps of Engineers, New (Ovleans District
P.O. Box 60267

New Orleans, Louisiana 70160-0267

Phone: {(504) 862-2533

The Corps of Engincers project manager may visit the A-I Contractor to review or
inspect the progress of the work ar to resolve questions concerning the development of
work covered under this Scope-of-Work, at any time afler giving notice,

X, PUBLICITY AND RELEASE OF DATA

nixcept with prior approval from the Government, the contractor, including any of his
emiployees or consultants, shall not release for publication or any other usc (including
student theses or professional jouinais} any sketch, photograph, report, or other
material of any nature pertaining to any matters for which scrvices are performed
under the terms of this contract. The provisions of this article shall extend also to the
release of any such material to any person, including the public media and the
professional community, not so authorized by the Government,

X, COMPUTER FILES

Computer files of all final deliverables will be provided in 1BM Windows-based
software formats along with the final reports. The Contractor will provide computer
dislk(s) of the text of the final reports in Microsoft Word for Windows format. If the
“ontractor produces wrilten reports in a page layout program, the file format required
iz Adobe PageMaker, Database fiies will be provided in .dbt fovmat; spreadshect files
will be provided in Microsoft Excel .xls format; presentation files in Microsoft
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Fowgvkoint rormat; and CAD Hles will be provided in [ntergraph, dgn format. In
autfiiion to the data files described above (buat not in liea of satd files), the contractor
waay also subimit fully integrated (iles (lex) and images/ charts i a single un-editable
Jdocurmnent} in Adobe Acrobal (pdi format).

—ach diskette will be clearly labeled with the following mformation at a minimum:
caport title, report number, contractors” name, file names, and toremat. The contractor
snatt also supply a complete listing of all computer fAles subwitted. This listing will
include (ile names, file types (software and version), disk nunaber, and tile description.



