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ABSTRACT 

 

The USDA Forest Service utilizes assessments of tree crowns, specifically 

crown density, crown dieback, and foliage transparency, to accomplish in part its mission 

of reporting the long-term status, changes, and trends in forest ecosystem health in the 

United States.  To aid interpretation and provide general guidelines of health across all 

species the crown condition assessments are classed into categories ranging from “good” 

to “poor.”  The purpose of this research was to evaluate and describe the variation in 

crown density, crown dieback, and foliage transparency between and within species, and 

to critique the appropriateness of the current threshold levels.  In addition, inter-observer 

deviation between two assessment crews was evaluated for crown density; however, the 

attempts to effectively predict between-crew variation were unsuccessful.  The seven 

species included in the analyses were slash pine (Pinus elliottii), loblolly pine (Pinus 

taeda), Virginia pine (Pinus virginiana), red maple (Acer rubrum), sweetgum 

(Liquidambar styraciflua), yellow-poplar (Liriodendron tulipifera), and white oak 

(Quercus alba).   

Between- and within-species differences were determined via pair-wise 

comparisons at the 10th, 25th, 50th, 75th, and 90th percentiles of the empirical distribution 

function of each crown condition indicator.  Random “error” drawn from uniform 

distributions on the intervals (-2.5, +2.5) and (-7.5, +7.5) was added to the percentile 

estimates in order to capture the possible within-crew variation in the crown assessments.  

Bootstrapping was used to compute two-sided 90 percent confidence intervals (CIs) for 

each percentile with the percentile CI method.   

A clear gradient of expected crown conditions was found among the species, but 

uncertainty in the data made it difficult to confidently pinpoint species-specific 

differences for the three crown condition indicators.  Assuming limited measurement 

error in the data, the greatest disparity among species was found in crown density.  

Dissimilarity was apparent between hardwood and softwood crown densities in general, 

but only scattered differences were found among the species in each group.  In terms of 

foliage transparency, Virginia pine was the most dissimilar overall.  No major differences 
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were found among the species in terms of crown dieback.  In addition, relatively little 

variation was found within the two species (loblolly pine and sweetgum) examined for 

intraspecies variation. 

Modifications to the current threshold levels were recommended for all three 

crown condition indicators.  The suggested changes resulted in only small adjustments to 

the percentage of observations in each category and better reflect the distribution of 

observations across the range of the crown conditions.  The proposed thresholds are: 

• crown density: exceptional, 51-100 percent; good, 41-50 percent; 

moderate, 31-40 percent; and poor, 0-30 percent; 

• crown dieback: none, 0-5 percent; light, 6-19 percent; moderate, 20-35 

percent; and severe, 36-100 percent; and 

•  foliage transparency: normal, 0-20 percent; moderate, 21-40 percent; and 

severe, 41-100 percent. 
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INTRODUCTION 

 

Research Objectives and Justification  

 Visual assessment of tree crowns has been used worldwide to measure forest 

health because it is generally felt that tree health and vigor are reflected in the crown 

condition (Anderson and Belanger 1987, Innes 1993).  The size and shape of tree crowns 

affects the amount of carbohydrates produced by a tree, and therefore can have a major 

effect on the amount and quality of wood produced (Biging and Gill 1997).  Healthy 

crowns are usually distributed symmetrically in a predictable manner along the stem and 

careful examinations for deviations from this pattern may indicate a tree undergoing 

stress (Waring 1987).  The USDA Forest Service Forest Inventory and Analysis (FIA) 

Program utilizes assessments of tree crowns, specifically crown density, crown dieback, 

and foliage transparency, to accomplish in part the forest health monitoring (FHM) 

mission of reporting the long-term status, changes, and trends in forest ecosystem health 

in the United States (USDA Forest Service 1994).  To aid interpretation and provide 

general guidelines of health across all species the crown condition assessments are 

classed into categories ranging from “good” to “poor.”  It was expected that these good to 

poor thresholds would change as further studies noted differences among species 

(Bechtold et al. 1992); however, no adjustments have been made to date.   

The general literature suggests that differences in crown form may be attributed to 

physiological factors such as epinastic control (Oliver and Larson 1996), flowering and 

seed production (Gross 1972, Remphrey et al. 1987), and shade tolerance (Sterck et al. 

2001, Oliver and Larson 1996); as well as environmental factors like light availability 

and intensity (King and Maindonald 1999, Oliver and Larson 1996), elevation 

(Kuuluvainen and Sprugel 1996), and moisture availability (Oliver and Larson 1996).  

The FHM literature also acknowledges the existence of differences among species 

(Bechtold et al. 2002, USDA Forest Service 2002a, Millers et al. 1992), but there is no 

description of how or to what extent crown dieback, crown density, and foliage 

transparency actually vary among and within species.  Therefore, it is not known for 

purposes of analysis and interpretation of the crown condition data whether species 
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should be considered individually or collectively.  Thus, this research has two primary 

objectives: 

1. To evaluate and describe interspecies variation in crown dieback, crown 

density, and foliage transparency for seven tree species in the Southeastern 

United States; and 

2. To evaluate and describe the intraspecies variation in crown dieback, crown 

density, and foliage transparency for two tree species found in varying 

environmental conditions in the Southeastern United States.  

In addition to these primary objectives, the quality of the crown density indicator was 

addressed, and an attempt to estimate the inter-observer deviation between two 

assessment crews was made.   

This research makes use of four years of FIA Phase 3 (formerly FHM detection 

monitoring) data from Alabama, Georgia, North Carolina, South Carolina, Tennessee, 

and Virginia.  The seven species included in the analyses for Objective 1 were slash pine 

(Pinus elliottii), loblolly pine (Pinus taeda), Virginia pine (Pinus virginiana), red maple 

(Acer rubrum), sweetgum (Liquidambar styraciflua), yellow-poplar (Liriodendron 

tulipifera), and white oak (Quercus alba).  The two species included in the analyses for 

Objective 2 were loblolly pine and sweetgum.   

As no work has been done to evaluate the appropriateness of the current crown 

threshold levels, results from the analyses herein are used to critique the thresholds 

currently set for all species, and recommendations are made regarding the need for 

species- and/or growing condition specific thresholds.   

 

 

Literature Review 

FHM History 

 The Forest Health Monitoring Program (FHM) was formally created in 1990 

through the combining of the USDA Forest Service’s National Vegetation Survey and the 

Environmental Protection Agency’s Environmental and Assessment Program.  FHM is 

presently directed by the USDA Forest Service and state forestry agencies with 
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management from a five-member national Steering Committee, a fifteen-member FHM 

Management Team, and ad hoc groups of interdisciplinary specialists (Riitters and Tkacz 

2004).   

 From the outset, the mission of FHM has been to “monitor, assess, and report on 

the long-term status, changes, and trends in forest ecosystem health in the United States” 

(USDA Forest Service 1994).  To accomplish its mission, FHM implements five types of 

activities (Reams et al. in press, McRoberts et al. 2004, USDA Forest Service 1994):  

1. detection monitoring – determines baseline conditions of forest ecosystems and 

detects changes and trends over time; 

2. evaluation monitoring – examines the extent, severity, and probable causes of 

undesirable changes in forest health identified in detection monitoring; 

3. intensive site ecosystem monitoring – assesses the cause-effect relationships of 

functions that shape forest ecosystems; 

4. research on monitoring techniques – studies biological, statistical, and analytical 

methods for monitoring forest ecosystems, including urban and riparian forests; 

and 

5. analysis and reporting – produces peer-reviewed publications regarding the status 

of forest health at national and regional levels. 

The detection monitoring component of FHM began in six New England states in 

1990.  This was followed by the addition of three mid-Atlantic and three Southern states 

in 1991, and two Western states in 1992 (Vissage and Hoffard 1997).  At present, 

detection monitoring is ongoing in 36 states nationwide, including 11 of the 13 states in 

the USDA Forest Service Southern Region: AL, AR, FL, GA, KY, LA, NC, SC, TN, TX, 

and VA (USDA Forest Service 2002b).   

In the beginning, detection monitoring field plots were assessed solely by FHM, 

but this role was assumed by the USDA Forest Service Forest Inventory and Analysis 

(FIA) program in 1999.  Until 1999, the FIA program accomplished its objectives 

through two phases (McRoberts et al. 2004): 1. identifying and stratifying forest 

populations of interest through remote sensing, and 2. timber inventorying the accessible 

forest plots identified through the first phase.  FHM detection monitoring became the 
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third phase of FIA and the on-the-ground detection monitoring plots thereby assumed the 

name Phase 3 plots.  Hereafter, FHM detection monitoring plots are referred to as (FIA) 

Phase 3 plots regardless of the year in which they were assessed.   

The Phase 3 plots are a 1:16 subset of the Phase 2 plots, both of which are located 

via a nationwide hexagonal grid with centers spaced 16.2 miles (27 km) apart.  There are 

approximately 8,000 Phase 3 plots nationwide, corresponding to about one plot for every 

96,000 acres (38,450 ha) (Riitters and Tkacz 2004).  Each Phase 3 plot is cluster of four 

1/24-acre (1/60-hectare) circular subplots with subplot centers located 120 feet (36.6 m) 

apart.  On each plot a set of indicators is assessed to characterize forest health.  These 

indicators range from overall site assessments to measurements taken on individual trees.  

Included are lichen communities, soils, tree crown condition, vegetation structure, 

indicator plants for ozone presence, and coarse woody debris (Reams et al. in press).  Of 

primary interest for the research herein is the tree crown condition indicator.  On each 

subplot, crown attributes are visually assessed on all live trees at least 5.0 inches (12.7 

cm) in diameter.  The three pertinent attributes and their definitions are (USDA Forest 

Service 1999): 

1. Crown density – The amount of crown branches, foliage, and reproductive 

structures that blocks light visibility through the crown; measured as the 

percent of total light that is blocked by tree material.   

2. Crown dieback – Recent mortality of branches with fine twigs, which 

begins at the terminal portion of a branch and proceeds toward the trunk; 

measured as the percent of branch tips that are dead.  

3. Foliage transparency – the amount of skylight visible through the live, 

normally foliated portion of the crown; measured as the percent of total 

light that would be visible if the light were unblocked.   

Crown density, crown dieback, and foliage transparency are recorded in 21 five-percent 

classes from 0 to 100 percent.  Low values are desirable for crown dieback and foliage 

transparency.  High values are desirable for crown density.   

Crown density and foliage transparency are similar measures of the amount of 

light penetrating the crown, but they are not exact inverses.  Crown density measures the 
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amount of sunlight blocked by all plant material (both live and dead) in the crown, 

whereas foliage transparency measures the amount of sunlight penetrating the live 

portion of the crown.  Deductions are made from the maximum possible crown density 

for spaces between branches and other large openings in the crown (Figure 1).  Foliage 

transparency, however, is not penalized for large gaps in the crown.  Increases in the 

foliage transparency rating are made only for small openings in areas where foliage is 

expected to occur (Figure 2).   

 

Tree crowns as an indicator of forest health 

Visual assessment of tree crowns has been used worldwide to measure forest 

health because it is generally felt that tree health and vigor are reflected in the crown 

condition (Anderson and Belanger 1987, Innes 1993).  The size and shape of tree crowns 

affects the amount of carbohydrates produced by a tree, and therefore can have a major 

effect on the amount and quality of wood produced (Biging and Gill 1997).  Healthy 

crowns are usually distributed symmetrically in a predictable manner along the stem and 

careful examinations for deviations from this pattern may indicate a tree undergoing 

stress (Waring 1987).  The cause of stress may be one or a combination of many factors 

such as insects, droughty conditions, frost damage, senescence, competition and other 

stand conditions, and management practices (Kenk 1993).   

When a tree is subjected to stress it reacts by slowing growth and shedding parts 

of its crown thereby changing the crown’s appearance (Millers et al. 1989).  The 

shedding of parts, termed dieback for the loss of fine twigs and defoliation for the loss of 

leaves, is a survival mechanism the tree uses to adjust and conserve its energy reserves.  

Dieback and defoliation are important because they can be early symptoms of serious 

decline in trees (Houston 1981).   

By causing the tree to shift energy reserves and use patterns, dieback and 

defoliation can interfere with growth.  Subsequently a number of studies have examined 

crown condition and growth relationships.  Studies of loblolly pine have found 

relationships between crown conditions and radial growth.  Grano (1957) reported that 

seed trees with dense crowns had faster growth than trees with less foliage. 
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Figure 1. The solid line shows the crown outline for crown density determination.  Large 
openings within the crown outline and gaps between the branches reduce the crown 
density rating. Crown density for this tree is 60 percent (Millers et al. 1992). 
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Figure 2. Striped areas are open areas of the crown where foliage is not expected to 
occur.  Foliage transparency in the live portion of the crown is 15 percent (Millers et al. 
1992). 
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Guttenberg (1953) discovered that faster growing trees had longer and wider crowns than 

the slower growing trees, and Deetlefs (1954) saw that a twofold increase in live crown 

ratio resulted in an almost doubling of the basal area growth of individual trees. 

Anderson and Belanger (1987) reported a general decline in radial growth of 

loblolly and shortleaf pines as the percentage of defoliation increased.  Baker (1941) 

discovered a direct correlation between decline in radial growth and percentage of gypsy 

moth defoliation in eastern white pine and four species of oak.  Steinman (2000) found 

that crown condition could be used to distinguish hardwood and softwood trees that died 

over a four-year period from those that lived.   

Not all studies however, have found direct correlations between crown conditions 

and growth or vigor.  In their study of lodgepole pine Kauffmann and Watkins (1990) 

found no substantial differences in incremental growth for trees in different crown vigor 

classes.  They concluded that the visual separation of trees into crown vigor classes was 

not an adequate way to assess tree vigor.  Though Juknys and Augustaitis (1998) found 

significant correlations between basal area increment and two crown condition indicators 

(crown density and foliage transparency) in their work with Scots pine forests in 

Lithuania, they concluded that the USDA Forest Service FHM crown assessments were 

not sufficient for “biological interpretation of collected data and estimation of potential 

tree growth.” 

In addition to these inconsistent results, an important concern with relating crown 

condition to overall tree or forest health is that a crown’s current condition is a 

combination of past and present conditions expressed by the tree.  Millers et al. (1992) 

suggest that the size and density of the crown may be the result of past growth processes; 

defoliation and damage the reflection of current stresses.  Insect infestations, frost 

damage, temperatures, and pollution in previous growing seasons may have effects that 

are visible for several years in the future; however, the effects of some stresses may not 

immediately manifest themselves in the crown’s appearance (Innes 1988a).  A crown’s 

current condition is then the result of a combination of factors including site conditions, 

stand density, and external stresses from the past and present.  These factors should, 

therefore, be included or considered when making statements about the crown condition 
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or when trying to draw conclusions about why the crown looks like it does.  This concern 

notwithstanding, Anderson and Belanger (1987) concluded from their study that general 

health of individual trees and forest stands can be assessed by looking at crown 

characteristics.  Kenk (1993) and Innes (1993) would disagree.  They both inferred from 

their studies in Europe that the assessment of crown condition does not provide a clear 

interpretation of forest health conditions.  Oliver and Larson’s (1996) general outline of 

photosynthate allocation supports the arguments that crown condition may not be the best 

standard for forest and/or tree health.  According to their outline, the production of new 

leaves follows maintaining respiration in priority for photosynthate allocation.  The 

addition of xylem is the last priority for photosynthate which suggests that declining tree 

health is first likely to be detectable in declining diameter growth rates rather than 

declining crown conditions.  

Despite the incongruities, crown condition is widely used to reflect tree health, 

and the assessment of crown transparency is still recommended by the United Nations 

Economic Commission for Europe as a way to gauge tree vitality (Gertner and Köhl 

1995).  No unambiguous relationship between crown condition and tree vigor has yet 

been found (Ferretti 1997), but Solberg and Strand (1999) concluded that crown 

assessments “have the ability to provide crude, but reliable estimates of spatial and 

temporal trends [of tree health], when these trends are not too weak.”   

 

FHM health thresholds for crown condition indicators 

 A single assessment of forest health results in the categorization of trees as either 

healthy or unhealthy.  The thresholds that demarcate these groups ideally should be based 

on the level at which trees are stressed to the point of biological decline.  These 

thresholds are difficult to pinpoint, however, so the tails of statistical distributions have 

been used instead.  Although the use of statistical distributions always results in some 

observations designated as poor, they are useful for identifying spatial and temporal 

changes in forest condition (Bechtold et al. 2002). 

The FHM thresholds established for crown density, crown dieback, and foliage 

transparency are (Bechtold et al. 1992):  
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• crown density: good, 51-100 percent; moderate, 21-50 percent; and poor, 

0-20 percent;   

• crown dieback: none, 0-5 percent; light, 6-20 percent; moderate, 21-60 

percent; and severe, 61-100 percent; and 

•  foliage transparency: normal, 0-30 percent; moderate, 31-50 percent; and 

severe, 51-100 percent. 

The set of current thresholds are the same for all species and were likely defined through 

one or more of the following means: review of scientific literature and existing data, 

research studies, retrospective analyses, or expert opinion (Lewis et al. 1994).  Steinman 

(2000) suggested alternative thresholds for crown density and crown dieback based on a 

one-year survival probability.  His results showed that hardwood trees with crown 

dieback greater than 30 percent and softwood trees with dieback greater than 20 percent 

were most likely to die within one year of assessment.  For both hardwood and softwood 

trees, those with crown densities less than 30 percent were most likely to die.   

 

Inter- and intra-species variation in crown shape 

 Crown shapes are controlled by internal physiological factors and external 

environmental elements.  The primary internal factor influencing crown shape is the 

extent to which terminal buds control the length and orientation of lateral branches 

(Fisher 1986).  This control is known as epinastic control and it varies by species, tree 

vigor, and position of the lateral branch (Oliver and Larson 1996).  Species with strong 

epinastic control have excurrent growth forms, i.e. they maintain a distinct central stem or 

trunk.  Species with strong epinastic control include Douglas-fir, true firs, spruces, 

hemlocks, yellow-poplar, and sweetgum.  Species with weaker epinastic control tend to 

have more rounded crowns in which one central stem is not distinguishable, i.e. decurrent 

growth forms.  Oaks are prime examples of species with weak epinastic control.   

Branching patterns within species display varying degrees of phenotypic 

plasticity, and the patterns may be more related to a tree’s ability to take advantage of 

environmental conditions than its inherited or deterministic form (Fisher 1986).  

Environmental factors may act directly on the crown form, e.g. wind and ice damage or 
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physical abrasion with other trees, or they may influence the tree’s ability to maintain 

epinastic control.  External factors influencing epinastic control include drought, 

flowering and seed production, and light availability and intensity (Oliver and Larson 

1996).   

Still other factors influencing crown appearance include a species’ shade 

tolerance and the moisture conditions in which the tree is growing.  Species that can 

photosynthesize at lower light intensities generally maintain denser crowns, while species 

that cannot survive under much shade tend to have less dense crowns.  Less dense crowns 

are also typical of trees growing on dry sites (Oliver and Larson 1996).   

Explicit research on inter- and/or intra-specific differences in tree crown 

architecture has been conducted mostly in tropical forests (e.g. Hallé et al. 1978 and other 

citations in Sterck et al. 2001).  Two recent examples of this research are Sterck et al. 

(2001) and King and Maindonald (1999).  Sterck et al. (2001) found that within 

understory species of Bornean lowland rainforests, trees with slower growth rates in the 

ten years prior to measurement had less leaf area and fewer leaf layers than the faster 

growing trees.  Tree height also had an effect on the tree architecture within species in 

that taller trees had larger total leaf areas and more leaf layers than shorter trees.  Their 

results for interspecific differences generally split along diptocarp and euphorb lines, with 

the diptocarps having smaller total leaf areas and fewer leaf layers.   

King and Maindonald (1999) examined the relationship between tree architecture 

and leaf dimensions and tree stature for evergreen broad-leaved species of lowland 

equatorial and temperate Australian rainforests.  They found that for understory trees, leaf 

display (plagiotropic or orthotropic) was more strongly related to leaf dimensions than to 

abundance or adult stature and shade tolerance; however, this relationship was not as 

strong for large canopy trees.  They concluded that tree architecture changes as trees 

grow, and that the shift is from a planar arrangement of leaves and branches in saplings to 

a more three-dimensional arrangement in intermediate-sized trees.  Their results suggest 

that as trees grow into the overstory, light availability and inherent physiological 

attributes overtake leaf dimension as the strongest factors determining leaf arrangement.   
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 Studies of differences in tree crown architecture of temperate forest species are 

less pervasive.  Two examples of intraspecies differences are summarized here.  

Kuuluvainen and Sprugel (1996) made an examination of age- and altitude-related 

variation in tree architecture and needle efficiency for a sample of dominant Norway 

spruce trees in Switzerland.  Their analysis indicated that several characteristics of tree 

architecture, e.g. the ratio of crown length to total tree height, were associated with tree 

age and the altitude of the growing site.  Given their results, they caution against 

misinterpreting natural variation in needle and crown characteristics as pollution-induced 

stress symptoms.  They warn that such natural variation may be especially great in 

environments with steep elevation gradients where other factors such as wind and 

temperature combine to affect tree growth and foliage density within the crown.  

Remphrey et al. (1987) found from their investigation of boulevard (open-grown) 

green ash trees in Manitoba, Canada, that green ash have a range of crown shapes: from 

broad and rounded forms to tall and conical forms.  They found that tree sex was helpful 

in differentiating the crown forms but that age and stage of development, as measured by 

tree height, were not useful.  Male trees tended to have broader crowns than female trees, 

leading the authors to suggest that reproductive demands may reduce crown growth.  

 Indeed, there are many factors that influence the shape of tree crowns.  Some 

factors such as epinastic control and photosynthetic rates are physiological, while other 

factors act externally upon the tree.  It is likely that the physiological and external factors 

interact with one another and, as suggested by King and Maindonald (1999), their 

influence in shaping crown form shifts as a tree matures.  Clearly, there is a need to 

carefully understand expected crown conditions so that forest health data is not 

misinterpreted.  

 

Advantages and disadvantages of visual assessments 

 The FHM program uses visual observations to assess crown density, crown 

dieback, and foliage transparency.  Training sessions are held at the beginning of every 

field season so that field crew members calibrate their eyes to the same standards.  Field 

crews then are tested at the end of the training session and only those who are able to 
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assess crown characteristics within acceptable limits of the trainers are allowed to collect 

data during the summer.  Visual assessments of tree crowns are quick, easy to perform, 

and cost-effective, but there are concerns regarding the reliability of such data.   

 Several factors influence an observer’s ability to make reliable visual 

assessments.  The most oft noted factor affecting reliable visual assessments is the 

amount of training and experience of the observer (Caro et al. 1979, Innes 1988b, 

Valentine and Ismail 1983, Mitchell 1979), but biases still exist even with extensive 

training (Ghosh et al. 1995). Of secondary importance is the clarity of the definition of 

the characteristic to be measured (Caro et al. 1979), and a third factor is the frequency of 

occurrence of a level of the characteristic (Caro et al. 1979).  That is, rare levels are more 

likely to have less inter-observer agreement simply because observers do not see or 

assess these conditions frequently.  Light conditions under which assessments are made 

also influence the reliability of the data.  Observations made in darker conditions such as 

that of an overcast sky may lead to underestimates of needle/leaf loss (Innes 1988b).  In 

addition to all of these factors, Metzger and Oren (2001) present an interesting argument 

that the dimensions of the tree crown itself may introduce observer bias.  They note that 

because of the path-length of the line of sight through the crown, trees of certain sizes are 

likely never to be assessed as having poor crowns.   

 These problems with observer bias reduce data quality and may lead to incorrect 

conclusions about the health of the forest.  Furthermore, patterns across time and space 

that exist in the data may not be due to actual differences in tree health but rather due to 

biases of regional field crews (Strand 1996, Innes 1988b) or the result of changes in 

survey teams (Strand 1996).  Observer bias is not only a problem in forestry applications.  

Inter-observer disagreements of visual assessments have been found in the agricultural 

and horticultural disciplines (Valentine and Ismail 1983, Sherwood et al. 1983), as well 

as in the behavioral sciences (Mitchell 1979, Caro et al. 1979).   

 To minimize observer bias some forest health monitoring programs utilize 

reference photographs for crown assessments (Innes 1988a), but even with reference 

diagrams there can be problems.  In their study of Stagonospora leaf spot on orchardgrass 

Sherwood et al. (1983) found that two kinds of illusion influence visual judgments even 
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with the use of reference diagrams.  The first illusion they discovered was that observers 

tended to overestimate the area of diseased spots on the plant material, especially at low 

levels of spotting.  The second illusion involved the perception of total diseased area.  

They found that if two leaves had similar total diseased areas, the leaf with the greater 

number of (smaller) spots was often perceived as having greater total area of spots.  

Together these results suggest that the eye focuses on the diseased areas and 

discriminates among frequencies more readily than it does among sizes.  Transferring 

these conclusions to assessments of crown condition suggest that two trees having the 

same levels of defoliation could receive very different assessments if one tree has a 

concentrated amount of defoliation while the other has dispersed defoliation.   

 

Data Quality Assurance 

Burkman et al. (1991) define quality assurance (QA) as “a planned group of 

activities that define the way tasks are performed to ensure that the final product will 

meet a desired level of quality.”  QA programs are essential for large-scale and/or long-

term ecological monitoring programs and they should be developed in the very early 

stages of monitoring programs.  Development of a QA program should involve 

representatives from all levels of the monitoring program including program managers, 

data analysts, decision makers (i.e., people who will use conclusions drawn from the data 

to make decisions), and field personnel.  Incorporating all levels of involvement ensures 

correct statements about the monitoring program’s objectives, spatial and temporal 

boundaries, data performance requirements, data interpretation and analytical techniques, 

and data collection methodologies (Lawrence and Palmer 1996, Ferretti 1997).  QA 

activities should include training of field personnel prior to data collection and the use of 

consistent methods and reference materials (Cline et al. 1989).  Data quality information 

should be reviewed annually by program managers and included with all monitoring 

reports so that the readers can interpret the conclusions in light of the data quality 

(Burkman et al. 1991, Cline et al. 1989, Ferretti 1997).   

A properly designed QA program has several benefits.  Most importantly it 

ensures that the data being collected meets predefined standards so that the needs of users 
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are met with stated levels of confidence (Lawrence and Palmer 1996).  Additionally, QA 

programs improve the consistency, reliability, and cost-effectiveness of monitoring 

programs over time (Ferretti 1997), and confirm that standard operating procedures are 

clearly defined, documented, and implemented (Burkman et al. 1991).   

 

FHM QA Program 

The overall mission of the FHM QA program is to support the FHM program 

mission and “to assure that FHM data and statistical products are of documented and 

sufficient quality to satisfy the needs of data users, policy makers, and the public” 

(USDA Forest Service 1998).  There are three main activities in the QA program: 

planning, measurements, and assessments.  Planning activities focus on identifying data 

quality requirements, evaluating project planning, and evaluating data collection 

methods.  QA activities regarding measurements involve quality control of the field crew 

training sessions and field data collection.  Assessment QA activities provide 

documentation of data quality by comparing field crew assessments with experts and 

other field crews.   

QA data are collected primarily from field measurements, although some 

laboratory measurements are made for the soils and lichen indicators.  At the beginning 

of each field season, regional indicator trainers meet for pre-training in which they 

calibrate themselves to assure national comparability of training.  Following the pre-

training session, trainers lead regional sessions for the field crews.  Field crew 

performance is evaluated throughout the training session and culminates with a test on all 

indicators.  Certified field crews then are audited within the first three weeks of the field 

season through an interactive session with an auditor known as “hot checks” (Pollard and 

Smith 1999).  Retraining and retesting, if necessary, is done at this time.  Later in the 

field season “cold checks” are performed.  That is when the field crew’s work is checked 

without its knowledge by an independent evaluation performed by national or regional 

“expert” auditing crews.  After the field season, QA data are compiled and summarized 

into QA reports that detail the achievement of QA objectives for the year (e.g., Pollard 

and Smith 2001, 1999).   
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 Measurement quality objectives (MQOs) are set for each forest health indicator 

(USDA Forest Service 1999).  The MQOs for crown density, crown dieback, and foliage 

transparency are set at 90 percent within the data quality limit (DQL) which is + 10 

percent.  That is, field crew assessments must be within 10 percent of the audit crew 

assessments for at least 90 percent of all trees.  

 

Methodology 

Goodness-of-fit tests  

 The true distribution of a random variable is rarely known so it is often estimated 

by the distribution of a sample from the population of interest.  This sample distribution 

is known as an empirical distribution and its function (edf) is defined as follows 

(Stephens 1986): Let X1, X2, …, Xn be a random sample, and X(1), X(2), …, X(n) the 

random sample in rank order.  Then,  
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Fn(x) is a non-decreasing, random function that goes from zero to one in height.  It is a 

step function with steps of height 1/n occurring at the sample values (Conover 1999).  

Thus for any x, Fn(x) is the proportion of observations less than or equal to x.  Fn(x) is a 

consistent estimator of F(x), the probability that an observation is less than or equal to x.  

As n goes to infinity, |Fn(x)-F(x)| decreases to zero with probability one (Stephens 1986). 

 Edf plots are easy to generate and are especially helpful because no assumptions 

about the underlying parametric distribution is required (D’Agostino and Stephens 1986).  

By examining an edf plot, one can readily infer information about the distribution’s shape 

(dispersion, skewness, bimodality) and location, as well as the occurrence of any outlying 

observations.  In addition, edf plots do not have the grouping difficulties associated with 

histograms, and with regard to the quantiles, they are invariant under monotone 

transformations.  One downside of edf plots, however, is that they can be sensitive to 

random occurrences in the data (D’Agostino and Stephens 1986). 
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 Empirical distribution functions can be used to determine if two samples are from 

the same unknown population.  If the samples are from the same population then their 

edfs should be similar.  Goodness-of-fit tests designed to test the hypothesis that a sample 

is from a specified distribution may also be used to test whether or not two samples are 

from the same (unknown) distribution. The goodness-of-fit tests that utilize the edf fall 

into two classes, the supremum class and the quadratic class (Stephens 1986).  The most 

well known edf goodness-of-fit test is based on the Kolmogorov-Smirnov (KS) 

supremum statistic.  Other goodness-of-fit statistics, in the quadratic class, are the 

Anderson-Darling (AD) and Cramér-von Mises (CM) statistics. The KS statistic is 

defined as  

( ) ( ) ( )−+=−= KSKSxFxFKS nx ,maxsup , 

and the AD and CM statistics are defined as  
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where ψ(x) is a function which gives weights to the squared difference {Fn(x)-F(x)}2.  

For the AD statistic ψ(x) equals [{Fn(x)}·{F(x)}]-1, and for the CM statistic ψ(x) equals 

one (Stephens 1986).  These statistics are used to test the hypothesis  

H0: F(x) = F0(x), 

where F0(x) is a completely or partially specified cumulative distribution function.  The 

alternative hypothesis is usually of the general form F(x) ≠ F0(x) (Reynolds et al. 1988).   

The KS, AD, and CM statistics are defined for continuous distributions, but they may 

also be used with discrete data if the discreteness is an artifact of imprecise measurement 

and if the subsequent occurrence of ties is not excessive (Bradley 1968).   

When dealing with discrete data or continuous data that can be naturally grouped, 

the classical goodness-of-fit test is the Pearson chi-square test.  Let X1, X2, …, Xn be a 

random sample and let I1, I2, …, Ik be the partitioned classes for the set of possible values 

for X.  Then the chi-square statistic is  
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where fi is the observed number of observations falling in Ii and ei = npi with pi being the 

probability of Ii under the null hypothesis given above (Reynolds et al. 1988).  If F0(x) is 

completely specified, the asymptotic distribution of χ2 is chi-square with k-1 degrees of 

freedom.  If F0 is unspecified and q distribution parameters are estimated, then the 

asymptotic distribution of χ2 is somewhere between χ2(k-1-q) and χ2(k-1) (Reynolds et al. 

1988). 

 

Bootstrapping 

 Other measures that can be used to compare distributions include the traditional 

measures of scale and location, i.e. mean, variance, skewness, and kurtosis, as well as the 

median and other percentiles.  A difficulty with some of these measures, particularly the 

percentiles, is the calculation of their standard errors which inhibits the calculation of 

confidence intervals.  A solution to this problem is the bootstrap.  The bootstrap was first 

introduced by Efron (1979) and provides for the estimation of the standard errors of the 

descriptive statistics listed above.  To explain, let X = {x1, x2, …, xn} be a sample of n 

independent observations from a population with unknown distribution function F and 

parameter θ = θ(F).  The population parameter θ is generally estimated by θ̂  calculated 

from the sample X.  To calculate a confidence interval for θ, the sampling distribution 

ofθ̂ , ( )FH n ,θ̂ , must be known.  Bootstrapping provides this sampling distribution with 

the following general algorithm (Carpenter and Bithell 2000):    

1. Sample n observations randomly and with replacement from X to obtain a 

bootstrap data set, denoted X*. 

2. Calculate the bootstrap version of the statistic of interest, ( )*ˆ*ˆ Xθθ = . 

3. Repeat steps 1 and 2 several times, generally 1000 to 2000, to obtain an estimate 

of the bootstrap distribution for *θ̂ , designated as ( )FH n
ˆ*,ˆˆ θ .   

Note that since X is sampled with replacement, the bootstrap data sets typically omit 

several observations and contain multiple copies of others.   

 With the sampling distribution of *θ̂  established, several different options exist 

for calculating a confidence interval (CI) for θ.  The percentile-type CI is the simplest and 
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most general bootstrap CI (Dixon 1993).  Assume that ( )FH n
ˆ*,ˆˆ θ  consists of 1000 

estimates of θ and let *
1000

*
1

ˆ,...,ˆ θθ  represent the ordered set so that ** ˆˆ
ji θθ < , for 1 < i < j < 

1000.  Then the lower bound of a two-sided 90 percent percentile CI is the 5th percentile 

of ( )FH n
ˆ*,ˆˆ θ , i.e. *

50θ̂ .  The upper bound is equal to the 95th percentile, or *
950θ̂ .  The 

percentile-type CI works best when θ̂  is the median of the bootstrap distribution (Efron 

1982).  Two methods exist for correcting the percentile-type CI when the bootstrap 

distribution is biased and/or skewed.  The bias-corrected (BC) bootstrap CI makes a 

single correction for bias in the distribution, while the accelerated (BCa) bootstrap CI 

makes a second correction for skewness.  When the skewness parameter equals zero, the 

BCa method reduces to BC.  See Lunneborg (2000) for computational details on these 

methods.  

There are advantages and disadvantages for the percentile-type bootstrap CIs.  

The primary advantage for the basic (uncorrected) percentile method is its simplicity.  No 

estimate of σ is required and the CIs can be calculated for any statistic (Dixon 1993, 

Carpenter and Bithell 2000).  The BC method has the same advantages as the basic 

method with the additional advantage that it adjusts for the presence of bias in the 

bootstrap distribution (Stine 1989).  Likewise, BCa improves upon the basic and BC 

methods by taking into account skewness of the bootstrap distribution.  A drawback of 

the BCa method is that it requires more complex calculations than the basic and BC 

methods (Carpenter and Bithell 2000, DiCiccio and Efron 1996).  All of the percentile-

type methods are transform invariant (Carpenter and Bithell 2000, DiCiccio and Efron 

1996).   

 A second type of bootstrap CI, known as the bootstrap-t interval, uses estimates of 

θ and the standard deviation of θ (σ) to calculate the bootstrap CI.  As described by 

DiCiccio and Efron (1996) estimates of both θ and σ are calculated from each bootstrap 

resample and designated *θ̂  and *σ̂ , respectively.  Then in the manner of Student’s t-

statistic,  

*ˆ
ˆ*ˆ

*
σ

θθ −
=T  
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is calculated for each resample.  If B is the number of bootstrap resamples, then  
( ) thBT αα ⋅=ˆ  ordered value of {T*(b), b = 1, 2, …, B}.  The upper bound for a one-sided 

100αth bootstrap-t CI is defined to be  

[ ] ( )ασθαθ −−= 1ˆˆˆˆ TT . 

The bootstrap-t interval is a reliable method of calculating bootstrap CIs given that σ̂ is 

easily available (Carpenter and Bithell 2000); however, erratic behavior may be observed 

if no obvious, good variance estimator exists (Hall and Martin 1996).  Furthermore, the 

bootstrap-t method is not transform invariant, and may produce very long CIs with 

unstable endpoints, especially if the original sample size is small (DiCiccio and Efron 

1996, Polansky 2000). 

 When comparing bootstrap CI methods it seems logical to select the method that 

produces the shortest interval; however, interval lengths cannot be compared if the 

coverage errors of the methods are not the same (Polansky 2000).  Coverage accuracy is 

defined by Polansky (1999):  

Let I be a confidence interval for θ with specified coverage probability 

equal to α.  The true coverage probability of I, denoted as π(I) is defined as 

( ) ( )IPI ∈= θπ .  The accuracy of I is defined as ( ) απ −I .  I is said to be 

asymptotically kth order accurate if ( ) ( )2/knOI −=−απ , as  ∞→n for 

some positive integer k.  

The bootstrap-t method performs well in terms of coverage error, even for small samples 

(Polansky 2000), but the coverage errors can be substantial for the basic and BC 

percentile-type methods, especially if the basic method is applied to asymmetric 

bootstrap distributions (Carpenter and Bithell 2000).  Coverage error is not monotonic for 

the BCa method as the coverage error tends to be erratic for small α, typically α < 0.025 

(Hall and Martin 1996, Carpenter and Bithell 2000).  Polansky (1999) provides upper 

bounds on the true coverage for the percentile-type bootstrap CIs.  In general, the basic 

and BC methods are first order accurate; the BCa and bootstrap-t methods are second 

order accurate (Carpenter and Bithell 2000).   
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CHAPTER I 

DATA 

 

Data collection methodology 

Each FIA Phase 3 plot is a cluster of four 1/24-acre circular subplots (Figure 1.1).  

A set of forest health indicators is assessed on each plot by a two-person crew.  These 

indicators range from overall site assessments to measurements taken on individual trees; 

included are lichen communities, soils, tree crown condition, vegetation structure, 

indicator plants for ozone presence, and coarse woody debris (Reams et al. in press).  

Plots are assessed during the summer when trees maintain full crown foliage, typically 

between June and mid-August for plots in the South.  Details about the complete 

collection methods and techniques may be found in the FHM Field Methods Guide 

(USDA Forest Service 1999, 2002a). 

In addition to the collection of the regular forest health data, the Phase 3 plots are 

assessed for quality assurance (QA) to insure that the data are of sufficient quality to 

meet stakeholder needs.  The performance of the field crews is evaluated through a 

remeasurement system known as “cold checks” in which a subset of the regional field 

plots are randomly selected for remeasurement by a reference, or audit, crew.  These cold 

check plots are “double-blind,” that is, field crews are not aware of which plots are 

reevaluated and neither do they know the target values for the plots.  An audit crew visits 

the field plot within two weeks of the field crew (Pollard and Smith 1999), and afterward 

the differences between the audit crew measurements and field crew measurements are 

calculated.  These differences are compared to the measurement quality objectives 

(MQOs) outlined in national QA Program plans (USDA Forest Service 1998, Cline 

1995).  The MQOs for crown density, crown dieback, and foliage transparency are set at 

90 percent within the data quality limit (DQL) which is + 10 percent.  That is field crew 

assessments must be within 10 percent of the audit crew assessments for at least 90 

percent of all trees. 
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Figure 1.1.  Forest Inventory and Analysis Phase 3 (FHM detection monitoring) plot 
design (USDA Forest Service 2002a). 
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Forest health indicators 

Of primary interest for the research herein are the overall site descriptions for 

each plot and the crown condition descriptors crown density, crown dieback, and foliage 

transparency.  As part of the overall site assessment each 1/24-acre subplot is assigned a 

condition classification described by five variables: land use, forest type, stand origin, 

stand size, and past disturbance.  Land use consists of three major categories: forest land, 

inaccessible forest land, and nonforest land.  Forest type follows the major Forest-Type 

Groups recognized by the Society of American Foresters (Eyre 1980) and is assigned 

based on the stocking of all live trees in the sampled location.  Stand origin has three 

categories: natural, planted softwoods, and planted hardwoods.  Stand size is categorized 

by the average diameter of all live trees in the stand that are not overtopped.  From largest 

to smallest sized trees these categories are sawtimber, poletimber, sapling/seedling, and 

nonstocked.  Past disturbances are described by 18 different categories including no 

disturbance and varying descriptors of silvicultural activities, weather events, and disease 

occurrences.  Up to three past disturbances can be recorded for a condition classification; 

however, each disturbance must be at least one acre (0.4 hectare) in size.  Multiple 

condition classifications are assigned to an individual plot when the plot or one of its 

subplots straddles different land uses or forest conditions.  One other site assessment 

variable utilized in this research was terrain position.  Terrain position is the position of 

the subplot in relation to the surrounding topography and is recorded as one of seven 

categories (Figure 1.2).   

The crown condition indicators are visually assessed on all subplot trees greater 

than or equal to 5.0 inches (12.7 cm) in diameter at breast height (dbh).  Crown density is 

the amount of crown branches, foliage, and reproductive structures that blocks light 

visibility through the crown.  It is estimated as the amount of light being blocked by the 

crown of the survey tree compared to the amount blocked in a full, dense crown for a tree 

with the same crown form (Figure 1.3).  Crown dieback is recent mortality of branches 

with fine twigs, which begins at the terminal portion of a branch and proceeds toward the 

trunk and is measured as the percent of branch tips that are dead.  Only mortality in the 

upper and outer portions of the crown is considered (Figure 1.4).  Foliage transparency is 
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Figure 1.2. The seven possible terrain positions given to each FIA Phase 3 subplot 
(USDA Forest Service 1999). 
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Figure 1.3. The dotted lines show the outline for crown density determination for a 
variety of tree conditions (Millers et al. 1992).  See also Figure 1, page 6.  
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Figure 1.4. The solid line outlines crown dieback, which is 10 percent of the total crown 
area (Millers et al. 1992). 
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the amount of skylight visible through the live, normally foliated portion of the crown, 

and it is estimated by comparing the survey tree crown to the scale provided in the FHM 

Field Methods Guide (Figure 1.5).  All three indicators are recorded in five percent 

increments from 0 to 100.  Low values are desirable for crown dieback and foliage 

transparency.  High values are desirable for crown density.  In addition to crown 

condition, other individual tree variables included in the present research are dbh and 

species. 

 

 

Data Summary  

General 

Quality assurance data set 

The QA data included cold check plots measured between 1991 and 1999 in 

Alabama, Georgia, North Carolina, South Carolina, Tennessee, and Virginia (Table 1.1).  

The data included 1294 trees; 59.5 percent hardwoods and 40.5 percent softwoods.  The 

most frequent species were loblolly pine (24.4 percent), sweetgum (11.3 percent), slash 

pine (5.9 percent), and white oak (5.3 percent) (Figure 1.6).   

Deviations between the field crew and audit crew assessments were calculated as  

deviation = field crew assessment – audit crew assessment. 

Trees with missing observations for any of the three crown indicators were omitted.  

Summaries of the deviations indicated MQOs were met for crown dieback and foliage 

transparency but not for crown density.  Across all years, 98 percent of the trees for 

crown dieback and 94 percent for foliage transparency were within the +10 percent DQL 

(Figures 1.7 and 1.8).  Only 75 percent of the trees were within the DQLs for crown 

density which was well below the MQO goal of 90 percent agreement (Figure 1.9).   

 

Crown condition (Phase 3) data set 

The crown condition data came from all forested Phase 3 plots in Alabama, 

Georgia, North Carolina, South Carolina, Tennessee, and Virginia.  Measurements were 
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Figure 1.5.  Scale used to assess foliage transparency (USDA Forest Service 1999).  Dark 
areas represent foliage and white areas represent skylight visible through the crown.   The 
amount of skylight penetrating the survey tree crown is compared to the scale and foliage 
transparency is rated according to the numbers above the circles.  See also Figure 2, page 
7. 
 



 29

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1.1. Number of FIA Phase 3 plots assessed for quality assurance by year and state. 
 

Year State 1991 1992 1994 1995 1998 1999 Total 

Alabama 12 5 0 0 2 2 21 
Georgia 6 6 3 1 2 0 18 
North Carolina ---a --- --- --- 5 3 8 
South Carolina --- --- --- --- 3 0 3 
Tennessee --- --- --- --- --- 3 3 
Virginia 4 4 0 0 3 2 13 
Total 22 15 3 1 15 10 66 
aNo Phase 3 plots established in the state. 
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Figure 1.6.  Hardwood (A) and softwood (B) species composition of the quality 
assurance data set. 
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Figure 1.7. Percent of the crown dieback observations within the +10 percent data quality 
limit (DQL) by year.  The measurement quality objective is 90 percent DQL agreement. 
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Figure 1.8. Percent of the foliage transparency observations within the +10 percent data 
quality limit (DQL) by year.  The measurement quality objective is 90 percent DQL 
agreement. 
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Figure 1.9. Percent of the crown density observations within the +10 percent data quality 
limit (DQL) by year.  The measurement quality objective is 90 percent DQL agreement. 
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made in 1995, 1997, 1998, and 1999.  Only the most recent measurement for each plot 

was included; therefore, the range of years differed between the states (Table 1.2).  Of the 

645 forested plots included in the data set, 207 extended across more than one condition 

class yielding 852 condition classes overall.  Of these 852 condition classifications, 99.8 

percent were designated as timberland.  The remaining 0.2 percent was reserved  

timberland, i.e. timberland completely withdrawn by law from commercial timber 

production. 

The most common forest types were loblolly pine (20.9 percent), white oak/red 

oak/hickory (18.9 percent), loblolly pine/hardwood (9.6 percent), and sweet-gum/yellow-

poplar (5.2 percent).  The number of different forest types recorded in each state ranged 

from a low of 22 in South Carolina to a high of 36 in North Carolina.  Table 1.3 lists the 

number of condition classes by forest type group for each state.   

The majority of the condition classifications were of natural origin (Table 1.4), 

and almost half were sawtimber size stands (Table 1.5).  Poletimber and seedling/sapling 

size stands each accounted for approximately one-fourth of the condition classes, while a 

small portion (2 percent) were non-stocked.  At least one past disturbance was recorded 

on 13.4 percent of the condition classes; 22 condition classes in Alabama, 26 in Georgia, 

11 in North Carolina, 19 in South Carolina, 20 in Tennessee, and 16 in Virginia. The 

most common disturbances were harvest, selective cutting/high grading, and prescribed 

burning.   

There were 49 known genera recorded on the plots.  The most prominent were 

Quercus (23 species), Pinus (12 species), Carya (7 species), and Acer (6 species).  Fifty-

seven percent of the trees were hardwoods and 43 percent were softwoods.  The most 

common species were loblolly pine (Pinus taeda), red maple (Acer rubrum), sweetgum 

(Liquidambar styraciflua), and yellow-poplar (Liriodendron tulipifera) (Figure 1.10).   

 According to the current thresholds, the majority of the tree crowns were in 

apparent healthy condition.  Overall, less than three percent of the crowns fell into the 

severe or poor categories (Figure 1.11).  The percentages of trees in each category were  

comparable for hardwoods and softwoods, though a greater disparity was evident in 

crown density.  For hardwood trees, 29.8 percent of the trees fell into the good crown  
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Table 1.2. Number of forested FIA Phase 3 plots measured in each state by year. 
 

Year State 1995 1997 1998 1999 Total 

Alabama 20 34 29 44 127 
Georgia 26 40 34 54 154 
North Carolina ---a --- 67 47 114 
South Carolina --- --- 52 24 76 
Tennessee --- --- --- 78 78 
Virginia 15 24 25 32 96 
Total 61 98 207 279 645 
aNo Phase 3 plots established in the state. 
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Table 1.3. Number of condition classes by forest type group for each state in the Phase 3 data set. 
 

Forest Type Group 

State White/ 
Red/Jack 

Pine 

Longleaf/ 
Slash Pine 

Loblolly/ 
Shortleaf 

Pine 

Oak/ 
Pine 

Oak/ 
Hickory 

Oak/ 
Gum/ 

Cypress 

Elm/Ash/  
Red 

Maple 

Maple/  
Beech/ 
Birch 

Indeterminate/ 
Nonstocked 

Total 

Alabama 0 10 55 39 41 19 2 0 3 169 
Georgia 1 33 54 37 37 34 1 0 2 199 
North Carolina 5 3 36 24 47 15 5 3 10 148 
South Carolina 0 4 33 17 29 5 2 1 5 96 
Tennessee 2 0 11 11 75 5 1 2 2 109 
Virginia 2 0 29 16 73 1 3 2 5 131 
Total 10 50 218 144 302 79 14 8 27 852 
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Table 1.4. Number of condition classes by stand origin and state in the Phase 3 data set. 
 

Stand Origina 
State Natural 

Stand 
Planted 

Softwoods
Total 

Alabama 128 41 169 
Georgia 147 52 199 
North Carolina 129 19 148 
South Carolina 72 24 96 
Tennessee 106 3 109 
Virginia 114 17 131 
Total 696 156 852 
aNo plots condition classes in ‘planted hardwoods.’ 

 

 

 

 

 

Table 1.5. Number of condition classes by stand size and state in the Phase 3 data set. 
 

Stand Size 
State Sawtimber Poletimber Seedlings/

Saplings Nonstocked Total 

Alabama 82 34 50 3 169 
Georgia 75 51 71 2 199 
North Carolina 89 32 23 4 148 
South Carolina 41 23 28 4 96 
Tennessee 58 33 17 1 109 
Virginia 60 44 24 3 131 
Total 405 217 213 17 852 
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Figure 1.10. Hardwood (A) and softwood (B) species composition of the Phase 3 data set. 
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Figure 1.11. Percentage of trees in each crown condition threshold group by species 
group for (A) crown density, (B) crown dieback, and (C) foliage transparency. 
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density category; the percentage for softwoods was 15.4.  For crown dieback, 99.5 

percent of the hardwood trees and 98.7 percent of the softwood trees had no or light 

crown dieback.  Normal foliage transparency was assessed for 98.6 percent of the 

hardwood trees and 97.6 percent of the softwood trees.  

 

Research specific 

Only the most frequent species were included in the analyses of this research.  

Trees missing assessments for any of the three crown condition indicators were omitted 

from the data set.  In addition, trees occurring on plots with past disturbances and trees on 

subplots with missing terrain position and percent slope were omitted also.  A total of 

5276 trees were included in the analysis.  The species selected for use were based on the 

number of observations available in the Quality Assurance data set; a minimum of 50 

observations was set.  Seven species met this requirement: slash pine (Pinus elliottii), 

loblolly pine, Virginia pine (Pinus virginiana), red maple, sweetgum, yellow-poplar, and 

white oak (Quercus alba).  Stolte et al. 1994 suggest that a species should occur on at 

least 50 plots before it is considered for separate analysis.  All of the selected species 

except slash pine and Virginia pine met this guideline.   

Table 1.6 lists the forest conditions in which the seven species occurred.  Red 

maple, sweetgum, and loblolly pine were the most ubiquitous species occurring in 33, 25, 

and 22 different forest types and on 139, 153, and 165 plots, respectively.  Slash pine was 

the most confined species, occurring on only 8 forest types and 26 plots.  Approximately 

two-thirds of the slash and loblolly pines were found in stands of planted origin, while 97 

percent or more of the other species were found in natural stands.  The hardwood species 

and Virginia pine were found mostly in sawtimber size stands.  Slash pine and loblolly 

pine occurred mostly in poletimber stands.  Terrain positions on which the seven species 

occurred are listed in Table 1.7.  Slash pine, loblolly pine, and sweetgum were found 

most frequently on flatland, while Virginia pine, red maple, yellow-poplar, and white oak 

were found mostly on midslopes.   

MQOs for the seven species during 1995, 1998, and 1999, were met for crown 

dieback and foliage transparency, but not for crown density (Table 1.8).  Crown density
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Table 1.6. Forest conditions in which the seven research specific species occurred. 
 

Stand Origin Stand Size 
Species Number 

of Trees 
Number 
of States

Number 
of Plots 

Number 
of Forest 

Types 
Natural 

(%) 
Planted 

(%) 
Sawtimbera 

(%) 
Poletimberb 

(%) 
Seedling/ 

Sapling (%) 
Slash pine 345 1c 26 8 36.5 63.5 20.0 69.3 10.7 
Loblolly pine 2936 6 165 22 33.5 66.5 16.3 59.8 23.9 
Virginia pine 225 6 41 15 100.0 0.0 59.1 35.6 5.3 
Red maple 507 6 139 33 100.0 0.0 80.1 17.5 2.4 
Sweet-gum 588 6 153 25 97.6 2.4 81.0 10.4 8.7 
Yellow-poplar 362 6 113 23 98.1 1.9 75.7 18.0 6.3 
White oak 313 6 103 24 99.7 0.3 80.5 16.3 3.2 
aAverage tree diameter > 9.0 in dbh for softwoods; > 11.0 in dbh for hardwoods 
bAverage tree diameter > 5.0 in – 8.9 in dbh for softwoods; > 5.0 in – 10.9 in dbh for hardwoods 
cGeorgia only 
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Table 1.7. Number of trees on each terrain position for the seven research specific species.  Percentages are given in parentheses.  

 
Terrain Positiona 

Species Top and 
Upper Slopes Midslope Bench Lower 

Slope Flatland Bottomland 

Slash pine 0 
(0.00) 

0 
(0.00) 

0 
(0.00) 

0 
(0.00) 

344 
(99.71) 

1 
(0.29) 

Loblolly pine 25 
(0.85) 

877 
(29.87) 

45 
(1.53) 

27 
(0.92) 

1934 
(65.87) 

28 
(0.95) 

Virginia pine 21 
(9.33) 

142 
(63.11) 

9 
(4.00) 

13 
(5.78) 

40 
(17.78) 

0 
(0.00) 

Red maple 24 
(4.73) 

237 
(46.75) 

13 
(2.56) 

13 
(2.56) 

143 
(28.21) 

77 
(15.19) 

Sweetgum 28 
(4.76) 

121 
(20.58) 

62 
(10.54) 

13 
(2.21) 

256 
(43.54) 

108 
(18.37) 

Yellow-poplar 9 
(2.49) 

186 
(51.38) 

16 
(4.42) 

26 
(7.18) 

98 
(27.07 

27 
(7.46) 

White oak 31 
(9.90) 

190 
(60.70) 

9 
(2.88) 

26 
(8.31) 

52 
(16.61) 

5 
(1.60) 

Total 138 
(2.62) 

1753 
(33.23) 

154 
(2.92) 

118 
(2.24) 

2867 
(54.34) 

246 
(4.66) 

aSee Figure 1.2 (page 24).  No trees occurred on the wet bottomland terrain position. 
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Table 1.8. Percent of trees in compliance with the +10 percent data quality limit (DQL) 
by species for the years 1995, 1998, and 1999.  The measurement quality objective is 90 
percent DQL compliance. 
 

Percent DQL Agreement Species Group Crown Density Crown Dieback Foliage Transparency 
Slash pine 83.3 100 100 
Loblolly pine 84.3 98.9 94.9 
Virginia pine 80.0 100 93.3 
Red maple 68.0 96.0 96.0 
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DQL agreement ranged from a low of 58.6 percent for white oak to a high of 84.3 percent 

for loblolly pine.  Four species had 100 percent DQL compliance for crown dieback  

while three species had 100 percent compliance for foliage transparency.  For all species, 

crown dieback and foliage transparency DQL agreement was 93 percent or greater.   

According to the current thresholds, the majority of the tree crowns for these seven 

species were apparently healthy (Figure 1.12).  The species were most similar for crown 

dieback where no or light dieback was recorded for at least 98 percent of the trees.  

Foliage transparencies were normal for 98 percent or more of every species except 

Virginia pine.  Virginia pine had the fewest trees in the normal category at 89.8 percent.  

The greatest differences among the species occurred in crown density.  Slash pine had the 

fewest trees in the good category with 4.6 percent.  Yellow-poplar had the greatest 

number of trees in the good category with 38.4 percent.  Correspondingly, slash pine had 

the greatest number of trees in the moderate category (93.6 percent) and yellow-poplar 

had the fewest trees (61.3 percent).  Virginia pine had the greatest amount of poor crown 

densities with 7.6 percent. 
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Figure 1.12. Percentage of trees in each crown condition threshold group by species for 
(A) crown density, (B) crown dieback, and (C) foliage transparency. SLASH=slash pine. 
LOB=loblolly pine. VA=Virginia pine. REM=red maple. SGUM=sweetgum. 
YEP=yellow-poplar. WHO=white oak. 
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CHAPTER II 

INTER-OBSERVER VARIATION IN VISUAL ASSESSMENTS OF  
TREE CROWN DENSITY 

 

Introduction 

Tree crowns have been used worldwide as indicators of forest health because it is 

generally felt that tree health and vigor are reflected in the crown condition (Anderson 

and Belanger 1987, Innes 1993).  The USDA Forest Service Forest Inventory and 

Analysis (FIA) Program utilizes visual assessments of tree crowns, specifically crown 

density, crown dieback, and foliage transparency, to accomplish in part the forest health 

monitoring mission of reporting the long-term status, changes, and trends in forest 

ecosystem health in the United States (USDA Forest Service 1994).   

Visual assessments of tree crowns are quick, easy to perform, and cost-effective, 

but there are concerns regarding the reliability of such data.  Several factors influence an 

observer’s ability to make reliable visual assessments.  The most oft noted factor 

affecting reliability is the amount of training and experience of the observer (Caro et al. 

1979, Innes 1988b, Valentine and Ismail 1983, Gertner and Köhl 1995, Mitchell 1979).  

Other factors influencing observer bias include the clarity of the definition of the 

characteristic to be assessed (Caro et al. 1979), light conditions under which the 

assessments are made (Innes 1988b), stage of development of the stand (Gertner and 

Köhl 1995), and the dimensions of the tree crown itself (Metzger and Oren 2001).   

Observer bias reduces data quality and may lead to incorrect conclusions about 

the health of the forest.  For example, patterns across time and space that exist in the data 

may not be due to actual differences in tree health but rather due to biases of regional 

field crews (Strand 1996, Innes 1988b) or the result of changes in survey teams (Strand 

1996).  It is important, therefore, to quantify the bias present in visual assessments and, if 

possible, take corrective action.  To address observer bias and other data quality issues 

within its program, FIA implements a Quality Assurance (QA) plan to ensure that data is 

collected with sufficient quality to meet the needs of data users, policy makers, and the 

public (USDA Forest Service 1998).   
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Implementation of the forest health monitoring QA plan involves several 

activities (USDA Forest Service 1998).  At the beginning of each field season, regional 

trainers meet for pre-training in which they calibrate their assessments to assure national 

comparability of training.  Following the pre-training session, trainers lead regional 

sessions for the field crews.  Field crew performance is evaluated throughout the training 

session and culminates with a test for certification to collect data.  Certified field crews 

then are audited within the first three weeks of the field season through an interactive 

session with an auditor known as “hot checks” (Pollard and Smith 1999).  Retraining and 

retesting, if necessary, are done at this time.  Later in the field season “cold checks” are 

performed.  That is when the field crew’s work is checked without its knowledge by a 

national or regional “expert” auditing crew.  After the field season, QA data are compiled 

and summarized into QA reports that detail the achievement of QA objectives for the 

year (e.g., Pollard and Smith 2001, 1999).   

Recent QA reports indicate that the measurement quality objective (MQO) for 

crown density is not being met (Pollard and Smith 2001, 1999).  FIA defines crown 

density as the amount of crown branches, foliage, and reproductive structures that blocks 

light visibility through the crown (USDA Forest Service 1999).  Visual assessments of 

crown density are made on trees at least 5.0 inches in diameter.  Crown density is 

recorded in five percent increments from 0 to 100, with high values indicating the most 

dense, i.e. most healthy, crowns.  Deductions are made from the maximum possible 

crown density for spaces between branches and other large openings in the crown (Figure 

2.1).  MQO for crown density is set at 90 percent + 10 percent.  That is, field crew 

assessments must be within the + 10 percent data quality limit (DQL) for at least 90 

percent of all trees.  The purpose of this paper is to evaluate the quality of the crown 

density indicator.  The appropriateness of the current MQO is discussed and suggestions 

for improvement are provided.  Additionally, the results of a regression analysis 

attempting to predict the expected difference between field crew and audit crew 

assessments are reported.   
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Figure 2.1. The solid line shows the crown outline for determining crown density.  Large 
openings within the crown outline and gaps between the branches reduce the crown 
density rating. Crown density for this tree is 60 percent (Millers et al. 1992). 
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Methods 

The data utilized in this study came from all QA cold checks implemented on FIA 

Phase 3 (formerly Forest Health Monitoring detection monitoring) plots between 1991 

and 1999 in Alabama, Georgia, North Carolina, South Carolina, Tennessee, and Virginia 

(Table 2.1).  The data included 1294 trees; 59.5 percent hardwoods and 40.5 percent 

softwoods.  The most frequent species were loblolly pine (24.4 percent), sweetgum (11.3 

percent), slash pine (5.9 percent), and white oak (5.3 percent) (Figure 2.2).   

Deviations between the field crew and audit crew assessments were calculated for 

each tree as  

CDdiff = Field crew’s crown density – Audit crew’s crown density. 

Trees with missing observations for either crew were omitted.  It should be noted that 

CDdiff is not a true measure of bias because the true crown density is unknown.  Rather it 

is a measure of the uncertainty in the data.  Solberg and Strand (1999) refer to CDdiff as a 

measure of precision, i.e. the way in which repeated measurements conform to 

themselves.  

 

Regression Analysis 

Regression analysis was used to develop a model capable of predicting CDdiff.  

Explanatory variables used to model CDdiff were the field crew’s measurements of crown 

density (DEN), crown dieback (DBK), foliage transparency (FT), live crown ratio (LCR), 

and diameter at breast height (DBH); the number of live trees on the corresponding 

subplot for each observation (LT); the number of years the observation’s corresponding 

state was included in the QA data set (YRS); and indicator variables for species group 

(softwood or hardwood) and state.  Alabama had the smallest average  

CDdiff and was selected as the base state for the indicator variables, which were defined 

as follows:  

state1 = 1 if Georgia, 0 otherwise; 
state2 = 1 if North Carolina, 0 otherwise;  
state3 = 1 if South Carolina, 0 otherwise;  
state4 = 1 if Tennessee, 0 otherwise; and  
state5 = 1 if Virginia, 0 otherwise. 
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Table 2.1. Number of FIA Phase 3 cold check plots assessed for quality assurance by 
year and state. 

 
Year State 1991 1992 1994 1995 1998 1999 Total 

Alabama 12 5 0 0 2 2 21 
Georgia 6 6 3 1 2 0 18 
North Carolina ---a --- --- --- 5 3 8 
South Carolina --- --- --- --- 3 0 3 
Tennessee --- --- --- --- --- 3 3 
Virginia 4 4 0 0 3 2 13 
Total 22 15 3 1 15 10 66 
aNo Phase 3 plots established in the state. 
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Figure 2.2.  Species composition of the quality assurance data set. (A) Hardwoods. (B) 
Softwoods. 
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YRS was used as a surrogate for year of assessment because the intent was to use the 

resulting model to predict CDdiff for trees measured in years not included in the QA data 

set.   

Trees with missing observations for one of the crews, a crown density of 0 

percent, and/or diameters exceeding the diameter MQO were excluded from the analyses.  

In addition, 13 outliers were identified and removed leaving a total of 1240 trees to 

predict CDdiff .  Audit crew crown densities are plotted against the field crew crown 

densities in Figure 2.3.  Ten percent of these trees were set aside as a validation data set.  

Regression analysis was performed with the SAS statistical software procedure REG 

(SAS Institute Inc., Cary, NC).  Table 2.2 gives the combinations of independent 

variables used to predict CDdiff.  Models 1 and 2 were run as baseline models to establish 

the amount of variation accounted for by the state and non-state variables alone.  Then 

the all-possible regressions approach was used to select the best subsets of independent 

variables.  Based upon the R-square criterion, Model 3 was the best subset from the non-

state variables; Models 4 and 5 the best subsets from all independent variables.   

Higher order models including interactions among the independent variables were also 

considered.  These models performed no better than those presented here and 

subsequently are not included in this discussion.   

 

 

Results and Discussion  

Data Quality 

Summaries of CDdiff show that the crown density MQO was not met in any year 

(Figure 2.4).  The proportion of trees within the DQLs ranged from a low of 68.2 percent 

in 1998, to a high of 88.1 percent in 1995.  Overall, only 75 percent of the trees met the 

DQL.  On average the audit crews assessed crown density 3.9 percent lower than the field 

crews.  Standard deviation of CDdiff was 10.98 percent.  The Pearson correlation 

coefficient for field crew crown density versus audit crew crown density was 0.54, and 

the Kappa statistic was 0.34.  The Kappa statistic is an alternate measure of association or 

correlation for categorical measurements.  In general, a Kappa statistic less than 0.4  
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Figure 2.3. Audit crew and field crew crown densities (%) in the regression analysis data 
set. 
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Table 2.2. R-square values for the models used to predict CDdiff.  See text for variable definitions. 
 

Regression Model 
Number R2 Adjusted R2 Press R2 

Validation 
R2 Variables in Modela 

1 0.0537 0.0494 0.0440 --- state1, state2, state3, state4, state5 
2 0.3336 0.3288 0.3229 --- DBH, DBK, DEN, FT, LCR b, LT b, SPG b, YRS b  
3 0.3319 0.3289 0.3248 0.4265 DBH, DBK, DEN, FT, LT  
4 0.3520 0.3461 0.3392 0.4581 DBH, DBK, DEN, FT, LCR, state1, state2, state3b, state4, state5 b 
5 0.3493 0.3440 0.3377 0.4675 DBH, DBK, DEN, FT, state1, state2, state3 b, state4, state5 b 

aall models include an intercept 
bnot significant α = 0.05 
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Figure 2.4. Percent of the crown density observations meeting the +10 percent data 
quality limit (DQL) by year.  The measurement quality objective is 90 percent. 
 



 55

indicates low association between two measurements of the same individual (Stokes et al. 

2000).  CDdiff was five percent or less for 55.3 percent of the trees, and was 15 percent or 

less for 87.6 percent of the trees.  These figures are similar to those reported by Solberg 

and Strand (1999) for Norway spruce (Picea abies) trees.  They studied the differences in 

crown density assessments between regular forest officers and those in charge of the 

national forest health monitoring training courses in Norway.  They reported a correlation 

coefficient of 0.56 between the two sets of observers, and found that on average the 

training officers assessed crown density 1.4 percent lower than the regular forest officers; 

standard deviation of CDdiff was 13.5 percent.  CDdiff was less than five percent for 45 

percent of their trees and less than 15 percent for 82 percent. 

Variations in DQL agreement were found among states, between species groups, 

and across the levels of crown density.  DQL agreement was lowest in Georgia at 70.6 

percent and highest in Alabama at 81.8 percent (Figure 2.5).  A chi-square test indicated 

the differences among the states were significant at the 95% level (p-value=0.0149).  

DQL agreement was also significantly different between the hardwood and softwood 

species groups (chi-square test p-value=0.0016); agreement was higher for softwoods 

(79.6 percent) than for hardwoods (71.8 percent).  Across the levels of crown density, 

DQL agreement was greatest in the middle of the distribution (Figure 2.6).  DQL 

agreement was 70 percent or greater for crown densities between 25 and 55 percent, as 

well as for a single tree with crown density of 0 percent.  DQL achievement was poorest 

for the extreme crown densities, i.e., less than 25 percent and greater than 60 percent.  

This coincides with the rarest crown densities.  Only 22 percent of the trees assessed had 

crown densities in this range.  The crown densities with the highest DQL attainment, 

those between 30 and 50 percent, made up 61 percent of the trees assessed.  This is 

consistent with the notion that inter-observer agreement rates vary for rare and common 

events, in that uncommon events or occurrences are less reliably measured (Caro et al. 

1979).  
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Figure 2.5. Percent of the crown density observations within the +10 percent data quality 
limit (DQL) by state.  The measurement quality objective is 90 percent. 
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Figure 2.6. Percent of the crown density observations within the +10 percent data quality 
limit (DQL) by field crew crown density.  The measurement quality objective is 90 
percent. 
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Regression Analysis 

 Models 3, 4, and 5 were applied to the holdout validation data set, and selection of 

the preferred model was based on R-square values for the regression and validation 

samples, with preference given to the highest validation R-square value.  R-square values 

among the models were comparable (Table 2.2, page 53).  Model 4 had the highest 

regression R-square value, 0.3520.  Model 5, however, had the highest validation R-

square value (0.4675) and was selected as the preferred model.  The robust regression 

procedure in the Number Cruncher Statistical System software (NCSS Statistical 

Software, Kaysville, UT) improved the fit of Model 5, increasing the regression R-square 

value to 0.4035 and the validation R-square value to 0.5308 (Table 2.3).  The robust 

regression version of Model 5 was selected to predict CDdiff : 

CDdiff =  -21.9123 + 0.0815*DBK + 0.5196*DEN – 0.3304*DBH + 0.0936*FT  
    + 3.5644*state1 + 3.4143*state2 + 1.9106*state3 + 4.4761*state4  
    + 1.5265*state5. 

Validation R-square values indicated the model performed best for Alabama and Georgia 

(Table 2.3).  Despite its effectiveness in the regression stage, model performance for the 

Tennessee validation sample was marginal, possibly a consequence of the small sample 

size.   

All explanatory variables except state3 were significant at the α = 0.05 level.  

Lack of significance for state3 indicated that for any given level of DBK, DEN, DBH, 

and FT, CDdiff for South Carolina and Alabama were not significantly different.  The 

coefficients for the other state variables indicated that CDdiff were significantly different 

between Alabama and all other states.  For any given levels of DBK, DEN, DBH, and FT 

Alabama CDdiff were approximately 1.5 percent less than Virginia, 3.5 percent less than 

Georgia and North Carolina, and 4.5 percent less than Tennessee.  DBH had the only 

negative coefficient implying that as trees grow larger CDdiff decreases.  Unit increases in 

all other variables result in increases in CDdiff. 

 Graphical residual analyses indicated that the linear function was appropriate for 

these data and that the error variance was constant (Figure 2.7); however, the magnitude 

of the mean residuals varied among species.  Absolute residual means for the seven most 

frequent species ranged from a low of 4.6 percent for slash pine to a high of 7.8 percent  
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Table 2.3. Regular and robust regression R-square values for Model 5. 
 

 Regression R2 Validation R2 
 Regular Robust 

Regression 
n Regular Robust 

Validation 
n 

Alabama 0.2811 0.2809 308 0.5737 0.5733 34 
Georgia 0.3456 0.3457 346 0.3503 0.3520 40 
North Carolina 0.3862 0.3830 127 0.1658 0.1715 14 
South Carolina 0.2832 0.2857 30 ---- --- 3 
Tennessee 0.5581 0.5547 59 0.0955 0.0717 7 
Virginia 0.2095 0.2090 246 0.4110 0.4140 26 
Overall 0.3493 0.4035 1116 0.4675 0.5308 124 
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Figure 2.7. Residuals versus predicted crown density differences (CDdiff). 
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for yellow-poplar (Table 2.4).  Of these seven species, three occurred in all six states: 

loblolly pine, sweetgum, and white oak.  A plot of the absolute residual means by species 

and state suggests a species*state interaction (Figure 2.8). 

A potential application of this model would be to calculate MQO performance for 

all trees in a Phase 3 data set.  In this instance, some margin of error is acceptable in the 

CDdiff predictions for individual trees.  To gauge this model’s ability to adequately 

predict MQO performance, predicted CDdiff were rounded to the nearest five percent and 

the percentage no greater than 10 percent was calculated.  The model predicted a 91.2 

percent DQL agreement for all observations; 88.5 percent for hardwoods and 96.3 

percent for softwoods.  These percentages are much greater than those observed, and 

assert that crown density MQO is achieved.  As a further check, Model 5 was applied to 

three years of FIA Phase 3 data and similar findings resulted i.e., the MQO is purportedly 

realized (Table 2.5).  Figure 2.9 illustrates how the model fails to capture the variability 

of CDdiff, especially for the extreme cases.  Considering the range of inter-crew variation 

for any given level of crown density (Figure 2.3, page 52), it is not surprising that the 

CDdiff are less than desirable.  An interesting note, however, is that the model reflects the 

pattern of DQL agreement across years.  That is, the year with poorest observed DQL 

agreement year is also the year with the poorest predicted DQL agreement. 

Given its failure to adequately capture the variability in the QA data as well the 

potential for species and state interactions, Model 5 is not recommended for future use.  

The range of inter-crew variation for any given level of crown density is too great for 

simple modeling.  Other methods, such as principle components and cluster regression, 

were applied but with no success.  Further study into the inter-crew variability of crown 

density would be profitable, however, much larger sample sizes are necessary to address 

specific issues such as the presence of state*species interactions.   
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Table 2.4.  Absolute residual means and standard errors for  
the seven most frequent species. 

 
Species N Mean Standard Error 

Slash Pine 75 4.6198 0.5015 
Loblolly Pine 307 5.8835 0.2624 
Virginia Pine 49 5.3993 0.6524 
Red Maple 46 6.1047 0.7726 
Sweetgum 140 7.1206 0.4749 
Yellow-poplar 53 7.8468 0.7619 
White Oak 64 7.4803 0.6799 
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Figure 2.8. Absolute residual means by state for loblolly pine, sweetgum, and white oak. 
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Table 2.5.  Comparison of the observed and predicted proportion of trees within the + 10 
percent data quality limit (DQL).  The measurement quality objective is 90 percent within 
the DQL. 
 

QA Cold Check Plots Phase 3 Plots 
Year Observed percent 

within the DQL 
Predicted percent 
within the DQL 

Predicted percent 
within the DQL 

1995 88.2 100 94.4 
1998 68.4 88.0 91.8 
1999 79.2 95.7 97.2 

Overall 74.4 92.1 94.9 
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Figure 2.9. Distribution of the observed and (rounded) predicted crown density 
differences (CDdiff). 
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Conclusion  

 Between 1991 and 1999, crown density consistently failed to meet the MQO set 

forth in the FIA QA plan.  During this time, percent DQL agreement varied by year, state, 

and species group, and any conclusions about the status of forest health which were 

based, either in part or in whole, on crown density are suspect due to the unreliability of 

the data.  An attempt to predict inter-crew differences in the crown density assessments 

was unsuccessful, and the resulting linear regression model is not recommended.   

Despite the apparent problems with repeatability, crown density continues to be 

measured and utilized as an indicator of forest health.  FIA Phase 3 training session 

schedules are already full and with limited time and personnel it is not feasible to 

increase the length of training.  A shift in how the training is conducted, however, could 

improve data quality if, for example, emphasis is placed on correctly rating very sparse 

and very dense crowns.   

Ferretti et al. (1999) suggest that the most reproducible assessments are those with 

fewer rating classes.  A second possible remedy to the poor data quality, then, would be 

to increase the width of the crown density classes.  That is, record crown density in ten 

percent increments instead of in five percent increments as is currently done.  Doing so 

would cut the number of classes in half and likely improve the repeatability of 

measurement.  A third option would be to keep the rating classes as they are and alter the 

MQO.  If the MQO had been 90 percent within + 15 percent, then the crown density 

MQO would have been met in four out of the six years presented here.  Likewise the 

MQO could be changed to 80 percent within + 10 percent.  In this instance, three out of 

the six years would have achieved MQO.  Relaxing the MQO, however, does not 

improve the quality of the data per se, it simply alters the level of uncertainty considered 

acceptable.  Along these lines Taylor (1988) argues that data quality objectives should 

not be based on the perceived capability of the measurement system.  Instead, they should 

reflect the level of uncertainty considered tolerable for decision-making.  Thus, changes 

to the MQO must be made in light of how crown density is to be used.   

Perhaps the best way to improve crown density assessments is to make use of 

advancing digital imaging and remote sensing technologies.  Current research is 
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exploring the feasibility of digital imagery, light detection and ranging (lidar), and laser 

imaging in forestry applications:  Clark et al. (2004) illustrate the use of digital images to 

assess crown density and foliage transparency in the Urban Forest component of the 

Forest Health Monitoring Program.  Henning and Radtke (2003) explore the capability of 

a ground based three-dimensional laser imaging device to measure canopy related 

parameters.  Popescu et al. (2003) and Leckie et al. (2003) demonstrate the ability to 

isolate and measure individual trees using remotely sensed lidar data.  Methods such as 

these provide more precise estimations of tree crown characteristics and give a more 

complete representation of the forest as a whole.  As emerging technologies, these 

methods still have practical and theoretical problems to overcome, but their potential 

usefulness is evident.  Their use for measuring tree crown conditions on the FIA Phase 3 

plots should be investigated.   

In closing, inter-crew variations in the assessment of crown density are only 

significant if the biological interpretation from the data is affected.  Nicholas et al. (1991) 

suggest that field measurements with repeatability of only 75-80 percent throw 

considerable doubt onto the validity of conclusions drawn from such data.  Overall 

repeatability of the data presented here was estimated at 75 percent, and a chi-square test 

on the number of trees in each health category found significant differences among the 

field and audit crews (Table 2.6).  Consequently, it may be argued that the inter-crew 

variation in these data is influencing conclusions about forest health.  Considerable 

efforts are needed to improve the reliability of the crown density measure because in the 

words of Nicholas et al. (1991) “collection of nonrepeatable data is wasted effort.”  
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Table 2.6.  Number of trees in each crown density condition category as 
assessed by the audit and field crews.  Chi-square test p-value < 0.0001. 

 
Audit Crew Field Crew Poor Moderate Good Total 

Poor 3 5 1 9 
Moderate 7 729 82 818 
Good 3 270 194 467 
Total 13 1004 277 1294 
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CHAPTER III 

INTERSPECIES VARIATION IN THREE CROWN CONDITION INDICATORS 
FOR SEVEN TREE SPECIES IN THE SOUTHEASTERN UNITED STATES 

 

Introduction 

Visual assessment of tree crowns has been used worldwide to measure forest 

health because it is generally felt that tree health and vigor are reflected in the crown 

condition (Anderson and Belanger 1987, Innes 1993).  The size and shape of tree crowns 

affects the amount of carbohydrates produced by a tree, and therefore can have a major 

effect on the amount and quality of wood produced (Biging and Gill 1997).  The USDA 

Forest Service Forest Inventory and Analysis (FIA) Program utilizes visual assessments 

of tree crowns, specifically crown density, crown dieback, and foliage transparency, to 

accomplish in part the forest health monitoring (FHM) mission of reporting the long-term 

status, changes, and trends in forest ecosystem health in the United States (USDA Forest 

Service 1994).   

The general literature suggests that differences in crown form may be attributed to 

physiological factors such as epinastic control (Oliver and Larson 1996), flowering and 

seed production (Gross 1972, Remphrey et al. 1987), and shade tolerance (Sterck et al. 

2001, Oliver and Larson 1996); as well as environmental factors like light availability 

and intensity (King and Maindonald 1999, Oliver and Larson 1996), elevation 

(Kuuluvainen and Sprugel 1996), and moisture availability (Oliver and Larson 1996).  

The FHM literature also acknowledges the existence of differences among species 

(Bechtold et al. 2002, USDA Forest Service 2002a, Millers et al. 1992), but there is no 

description of how or to what extent crown dieback, crown density, and foliage 

transparency actually vary among species.  Therefore, it is not known for purposes of 

analysis and interpretation of the crown condition data whether species should be 

considered individually or collectively.  The purpose of this paper is to evaluate and 

describe the interspecies variation in crown dieback, crown density, and foliage 

transparency for seven tree species in the southeastern United States. 
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Methods 

Data Description 

This study utilized four years of data from all FIA Phase 3 (formerly Forest 

Health Monitoring detection monitoring) plots in Alabama, Georgia, North Carolina, 

South Carolina, Tennessee, and Virginia.  Data were collected in 1995, 1997, 1998, and 

1999, but only the most recent measurement for each plot was utilized.  The species 

included in the analyses are seven of the most frequent species in the South: slash pine 

(Pinus elliottii), loblolly pine (Pinus taeda), Virginia pine (Pinus virginiana), red maple 

(Acer rubrum), sweetgum, (Liquidambar styraciflua), yellow-poplar (Liriodendron 

tulipifera), and white oak (Quercus alba).   

Each FIA Phase 3 plot is cluster of four 1/24-acre circular subplots with subplot 

centers located 120 feet apart.  On each plot a set of indicators is assessed to characterize 

forest health.  These indicators range from overall site assessments to measurements 

taken on individual trees.  Of primary interest for the research herein are the tree crown 

condition indicators, specifically (USDA Forest Service 1999): 

• Crown density – The amount of crown branches, foliage, and reproductive 

structures that blocks light visibility through the crown; measured as the 

percent of total light that is blocked by tree material. 

• Crown dieback – Recent mortality of branches with fine twigs, which 

begins at the terminal portion of a branch and proceeds toward the trunk; 

measured as the percent of branch tips that are dead.  

• Foliage transparency – The amount of skylight visible through the live, 

normally foliated portion of the crown; measured as the percent of total 

light that would be visible if the light were unblocked. 

Crown density and foliage transparency are similar measures of the amount of light 

penetrating the crown, but they are not exact inverses.  Crown density measures the 

amount of sunlight blocked by all plant material (both live and dead) in the crown, 

whereas foliage transparency measures the amount of sunlight penetrating the live 

portion of the crown.  Deductions are made from the maximum possible crown density 

for spaces between branches and other large openings in the crown (Figure 3.1).   



 69

 

 

 

 
Figure 3.1. The solid line outlines the crown for determining crown density.  Large 
openings within the crown outline and gaps between the branches reduce the crown 
density rating. Crown density for this tree is 60 percent (Millers et al. 1992). 
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Foliage transparency, however, is not penalized for large gaps in the crown.  Increases in 

the foliage transparency rating are made only for small openings in areas where foliage is 

expected to occur (Figure 3.2). 

Visual assessments of crown density, crown dieback, and foliage transparency are 

made on all live trees at least 5.0 inches in diameter.  Crown density is estimated as the 

amount of light being blocked by the crown of the survey tree compared to the amount 

blocked in a full, dense crown for a tree with the same crown form.  Foliage transparency 

is estimated by comparing the survey tree crown to the scale provided in the FIA field 

guide (Figure 3.3).  Only dieback in the upper and outer portions of the crown is taken 

into account during assessment of crown dieback. All three indicators are recorded in five 

percent increments from 0 to 100.  Low values are desirable for crown dieback and 

foliage transparency.  High values are desirable for crown density.  FIA Phase 3 plots are 

assessed during the summer when trees maintain full crown foliage, typically between 

June and mid-August for plots in the South.  Current details about the complete collection 

methods and techniques of Phase 3 data may be found in the FIA national core field 

guide (USDA Forest Service 2002a). 

Trees missing assessments for any of the three crown condition indicators were 

omitted from the data set.  In addition, trees occurring on plots with past disturbances and 

trees on subplots with missing terrain position and percent slope were omitted also.  A 

total of 5276 trees were included in the analysis.  Table 3.1 gives the number of trees by 

species as well as a summary of the forest conditions in which the seven species 

occurred.  Red maple, sweetgum, and loblolly pine were the most ubiquitous species 

occurring in 33, 25, and 22 different forest types and on 139, 153, and 165 plots, 

respectively.  Slash pine was the most confined species, occurring on only 8 forest types 

and 26 plots.  Approximately two-thirds of the slash and loblolly pines were found in 

stands of planted origin, while 97 percent or more of the other species were found in 

natural stands.  The hardwood species and Virginia pine were found mostly in sawtimber 

size stands.  Slash pine and loblolly pine occurred mostly in poletimber stands.  Crown 

form and leafing characteristics for each species are given in Table 3.2. 
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Figure 3.2. Striped areas indicate open areas of the crown where foliage is not expected 
to occur.  Foliage transparency in the live portion of the crown is 15 percent (Millers et 
al. 1992).  
 
 
 
 
 

 
Figure 3.3. Scale used to evaluate foliage transparency (USDA Forest Service 1999).  
Dark areas represent foliage and white areas represent skylight visible through the crown.  
The amount of skylight penetrating the survey tree crown is compared to the scale and 
foliage transparency is rated according to the numbers above the circles.  
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Table 3.1. Forest conditions in which the seven species occurred. 
 

Stand Origin Stand Size 
Species Number 

of Trees 
Number 
of States

Number 
of Plots 

Number 
of Forest 

Types 
Natural 

(%) 
Planted 

(%) 
Sawtimbera 

(%) 
Poletimberb 

(%) 
Seedling/ 

Sapling (%) 
Slash pine 345 1c 26 8 36.5 63.5 20.0 69.3 10.7 
Loblolly pine 2936 6 165 22 33.5 66.5 16.3 59.8 23.9 
Virginia pine 225 6 41 15 100.0 0.0 59.1 35.6 5.3 
Red maple 507 6 139 33 100.0 0.0 80.1 17.5 2.4 
Sweetgum 588 6 153 25 97.6 2.4 81.0 10.4 8.7 
Yellow-poplar 362 6 113 23 98.1 1.9 75.7 18.0 6.3 
White oak 313 6 103 24 99.7 0.3 80.5 16.3 3.2 
aAverage tree diameter > 9.0 in dbh for softwoods; > 11.0 in dbh for hardwoods 
bAverage tree diameter > 5.0 in – 8.9 in dbh for softwoods; > 5.0 in – 10.9 in dbh for hardwoods 
cGeorgia only 
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Table 3.2.  Crown form and leafing characteristics for the seven species. 
 

Species Crown Form1 ------------ Leafing Characteristics1  ----------- Shade 
Tolerance2 

Slash Pine narrow, ovoid evergreen 3 needles per fascicle, 7-10 in. long intolerant 
Loblolly Pine oval evergreen 3 needles per fascicle, 6-9 in. long intolerant 
Virginia Pine poor form, flat-topped evergreen 2 needles per fascicle, 1.5-3 in. long intolerant 
Red Maple rounded deciduous opposite, simple tolerant 
Sweetgum pyramidal deciduous alternate, simple intolerant 
Yellow-poplar pyramidal when young, becoming oval deciduous alternate, simple intolerant 
White Oak oval deciduous alternate, simple intermediate 
1Virginia Tech (2004)  
2USDA Forest Service (1990)  
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Data Analysis 

The true distribution of a random variable is rarely known so it is often estimated 

by the distribution of a sample from the population of interest.  This sample distribution 

is known as an empirical distribution and its function (edf) is defined as follows 

(Stephens 1986): Let X1, X2, …, Xn be a random sample, and X(1), X(2), …, X(n) the 

random sample in rank order.  Then,  
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Fn(x) is a non-decreasing, random function that goes from zero to one in height.  It is a 

step function with steps of height 1/n occurring at the sample values (Conover 1999).  

Thus for any x, Fn(x) is the proportion of observations less than or equal to x.  Fn(x) is a 

consistent estimator of F(x), the probability that an observation is less than or equal to x.  

As n goes to infinity, |Fn(x)-F(x)| decreases to zero with probability one (Stephens 1986 

Empirical distribution functions can be used to determine if two samples are from 

the same unknown population.  If the samples are from the same population then their  

edfs should be similar.  In this application, edfs are used to determine if the distributions 

of the crown condition indicators are the same for the seven species.  Goodness-of-fit 

tests are designed to test the hypothesis that two samples are from the same (unknown) 

distribution.  Classical goodness-of-fit tests are based on the Kolmogorov-Smirnov 

supremum statistic or the Anderson-Darling and Cramér-von Mises quadratic statistics 

(Stephens 1986).  These statistics are defined for continuous distributions, but they may 

also be used with discrete data if the discreteness is an artifact of imprecise measurement 

and if the subsequent occurrence of ties is not excessive (Bradley 1968).  The classical 

goodness-of-fit tests are not used here, however, because the coarseness of the 

measurement system resulted in an unmanageable number of ties. 

Instead of the utilizing the goodness-of-fit tests, the species’ distributions were 

compared by examining the 10th, 25th, 50th, 75th, and 90th percentiles of the empirical 
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distribution functions for each crown condition indicator.  The 50th percentile, the 

median, provides a measure of central tendency while the additional percentiles provide 

information about the tails of the distribution, important because they describe the 

poorest and best crown conditions.  Significant differences at the 75th and 90th percentiles 

of crown density, for example, indicate whether the densest crowns of one species are 

denser than the densest crowns of another species.  In order to determine statistically 

significant differences among the species at the various percentiles, a measure of standard 

error was needed; however, no natural estimate for the variance of percentiles exists (Hall 

and Martin 1989).  Therefore, bootstrapping was utilized to calculate two-sided 90 

percent confidence intervals (CIs) for each percentile with the percentile confidence 

interval method (Lunneborg 2000).   

Bootstrapping permits the formation of confidence intervals by generating a 

sampling distribution around the parameter estimate of interest, in this case, the 10th, 25th, 

50th, 75th, or 90th percentile.  The sampling distributions of the percentile estimates were 

generated by sampling with replacement n observations from the original data set (n 

equaled the size of the original data).  The five percentiles were calculated from the 

resample, and the sampling algorithm was repeated 2000 times.  After all 2000 resamples 

were generated, the estimates for each percentile level were ranked in order.  As is proper 

with the percentile confidence interval method, the upper and lower confidence limits for 

the percentile estimates were, respectively, the 1900th and 100th observations of the 

ranked estimates.  The bootstrapping and CI calculations were performed with SAS 

macros available from the SAS Technical Support website 

(http://ftp.sas.com/techsup/download/stat/jackboot.html).   

Due to the discrete-like nature of the original data, the initial bootstrap CIs had no 

width.  That is, for many percentiles the upper and lower confidence limits were exactly 

the same.  To correct for this problem, random “error” was added to each percentile 

estimate from every bootstrap sample.  The errors were drawn from uniform distributions 

on the intervals (-2.5, +2.5) and (-7.5, +7.5) with the SAS function RANUNI 

(seed=37919).  These distributions capture the possible within-crew variation in a single 

crown condition assessment, which is recorded in five percent increments.  In the field, 
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two crew members assess each tree.  If the crew members agree on the condition of the 

crown indicator then the value stands.  The first uniform distribution interval represents 

this case (the “best” case).  If the two crew members disagree on the condition of the 

crown indicator but are within 10 percent of each other then the average of the two 

assessments is recorded.  The second interval represents this scenario (the “averaging” 

case).   

Two species were declared significantly different at a percentile level if their CIs 

for the given percentile did not overlap.  Using overlapping CIs to determine statistical 

significance is, under normal theory, a “valid but underpowered test of the hypothesis of 

no difference” (Mulla and Cole 2004).  Under normal theory the standard method to test 

the hypothesis of no difference is to calculate the 100(1-α )% confidence interval for the 

difference in the two sample means.  That is, 0:0 =− abH µµ  and  

m
s

n
s

zab ba
22

2/ +±− α , 

where a-bar and b-bar are sample estimates of the means, 2
as  and 2

bs are sample estimates 

of the variances, and n and m  are the sample sizes for samples A and B, respectively.  

The null hypothesis is rejected if the 100(1-α)% confidence interval does not include 

zero.   

Alternatively, the overlapping method utilizes confidence intervals calculated for 

the two sample means individually, each of the form aSEza 2/α±  where a-bar is the 

sample mean and SEa is the standard error of the mean.  Rejection of the null hypothesis 

of no difference with the overlapping method implies rejection of the null hypothesis 

with the standard method, but failure to reject the null hypothesis with the overlapping 

method does not necessarily imply failure to reject with the standard method (Schenker 

and Gentleman 2001).  Wolfe and Hanley (2002) show that two confidence intervals 

overlap when  

ba SEzSEzab 2/2/ αα +<− , 

and that ab −  does not equal zero when  

( )22
2/ ba SESEzab +>− α . 
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Together, 

( ) baba SEzSEzabSESEz 2/2/
22

2/ ααα +<−<+  

give a rule of thumb for determining when the difference between two means is 

significant at the α-level and at the same time the 100(1- α )% confidence intervals 

overlap.   

 Despite its deficiencies, the overlapping confidence interval approach was 

employed in this research to determine differences among the species.  Thus, it should be 

realized that the results from these comparisons are conservative, and that differences 

among the species may exist even though the overlapping confidence intervals signify 

otherwise. 

 

 

Results and Discussion 

Smoothed edf plots indicate that the shapes of the crown condition indicator 

distributions are similar for all species (Figure 3.4).  [Edfs are plotted as step functions 

for each species individually in Appendix A.]  Observed crown densities covered almost 

the entire scale of possible values, ranging from 5 to 85 percent.  Crown dieback ranged 

from 0 to 95 percent, but 95 percent of the trees had less than 25 percent dieback.  

Foliage transparency ranged from 0 to 75 percent, and was 25 percent or less for more 

than 95 percent of the trees in all species except Virginia pine.  Median crown density 

ranged from 40 percent for the pines to 50 percent for yellow-poplar (Table 3.3).  The 

median crown dieback was zero percent for all species (Table 3.4).  Median foliage 

transparency was 20 percent for Virginia pine and 15 percent for all other species (Table 

3.5). 

 

Confidence intervals for the best-case scenario  

Crown Density 

 Differences in the locations of the distributions were established through pair-

wise comparisons of the CIs.  Comparisons of the best-case CIs revealed that differences 

in crown density were most prevalent between the softwood and hardwood species  
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Figure 3.4. Smoothed empirical distribution functions for crown density, crown dieback, 
and foliage transparency. 
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Figure 3.4. Continued. 
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Table 3.3. Observed crown density percentiles by species. 
 

Crown Density Percentile Species 10th 25th 50th 75th 90th 
Slash Pine 30 35 40 45 50 
Loblolly Pine 30 35 40 50 55 
Virginia Pine 25 30 40 45 50 
Red Maple 35 40 45 50 60 
Sweetgum 35 40 45 55 60 
Yellow-poplar 35 40 50 55 65 
White Oak 35 40 45 55 60 

 

 

 

 

Table 3.4. Observed crown dieback percentiles by species. 
 

Crown Dieback Percentile Species 10th 25th 50th 75th 90th 
Slash Pine 0 0 0 0 0 
Loblolly Pine 0 0 0 0 5 
Virginia Pine 0 0 0 5 10 
Red Maple 0 0 0 5 5 
Sweetgum 0 0 0 5 5 
Yellow-poplar 0 0 0 0 5 
White Oak 0 0 0 5 5 
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Table 3.5. Observed foliage transparency percentiles by species. 
 

Foliage Transparency Percentile Species 10th 25th 50th 75th 90th 
Slash Pine 15 15 15 20 20 
Loblolly Pine 10 15 15 20 25 
Virginia Pine 15 15 20 25 35 
Red Maple 10 15 15 20 25 
Sweetgum 5 10 15 15 20 
Yellow-poplar 10 10 15 15 20 
White Oak 10 10 15 20 20 
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(Table 3.6).  Virginia pine was different than sweetgum, yellow-poplar, and white oak at 

all percentiles, and different than red maple at all percentiles except the 75th.  In general, 

Virginia pine crown density was consistently about 10 percent lower than yellow-poplar 

and 5 to 10 percent lower than the other three hardwoods.  Slash pine was different than 

red maple, yellow-poplar, and white oak at all percentiles, and different than sweetgum at  

all percentiles except the 10th.  Slash pine was about 5 percent lower than these species in 

the first half of the distribution and about 10 percent lower in the upper half of the 

distribution.  Loblolly pine was different than yellow-poplar and white oak at all 

percentiles, and different than red maple and sweetgum at all percentiles except the 75th 

and 10th, respectively.  Loblolly pine was generally 5 percent lower than the hardwood 

species. 

Differences in crown density were less pervasive within the hardwood and 

softwood species groups.  There was no difference among the three pine species at the 

50th percentile; however, Virginia pine was different than slash pine and loblolly pine at 

the 10th and 25th percentiles, and loblolly pine was different than slash pine at the 75th and 

90th percentiles.  These relationships are evident in Figure 3.4 (page 78) where the 

Virginia pine edf converges with slash pine and loblolly pine near the 50th percentile.  

Beyond the 50th percentile, the slash pine edf diverges from loblolly pine and the Virginia 

pine edf splits the middle.  Yellow-poplar and red maple had significantly different 

medians, but otherwise, there were no differences among the crown density distributions 

of the hardwood species.   

The average width of the best-case CIs was 5.94 percent across all percentiles and 

all species.  The CIs were widest for the 90th percentile and narrowest for the 25th 

percentile.  On average across all percentiles, the best-case CIs were widest for Virginia 

pine (7.30 percent) and narrowest for loblolly pine (4.52 percent).  Given the interval 

width of the Uniform distribution from which the “errors” were drawn, the widths of the 

best-case CIs were not unexpected.   

 Oliver and Larson (1996) suggest that species with higher shade tolerances can 

maintain denser crowns than species with lower shade tolerances.  The edfs of the species 

examined here only partially support this idea.  Of the species examined, the pines are 
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Table 3.6. Best-case 90 percent confidence intervals for crown density.  LCL=lower confidence limit.  UCL=upper confidence 
limit. 

 
Crown Density (%) 

10th percentile 25th percentile 50th percentile 75th percentile 90th percentile Species 
LCL UCL LCL UCL LCL UCL LCL UCL LCL UCL 

Slash Pine 27.79 32.19 32.73 37.24 37.77 42.24 42.71 47.28 43.32 52.15 
Loblolly Pine 27.29 32.21 32.74 37.26 37.78 42.4 47.72 52.28 52.75 57.27 
Virginia Pine 20.23 27.24 27.74 32.37 37.73 42.24 42.80 50.98 47.87 56.78 
Red Maple 32.75 37.19 37.71 42.24 42.77 47.24 48.21 57.08 57.75 62.27 
Sweetgum 28.73 37.16 37.73 42.24 42.82 49.96 52.72 57.28 57.84 66.52 
Yellow-poplar 32.79 37.20 37.86 46.65 47.72 52.24 52.77 60.81 57.98 67.05 
White Oak 32.71 37.21 37.73 42.24 42.82 51.02 52.72 57.29 57.84 66.37 
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probably the most shade intolerant, and they did tend to have less dense crowns than the 

hardwood species; however, it is among the hardwood species that Oliver and Larson’s 

assumption seemingly falters.  Of the four hardwood species examined, red maple is the 

most shade tolerant yet only one significant difference was found between red maple and 

the other hardwoods.  Perhaps the spectrum of shade tolerance among the hardwoods is 

not great enough to validate Oliver and Larson’s claim, especially since red maple shade 

tolerance diminishes as trees grow from seedlings into the overstory (USDA Forest 

Service 1990). 

Excurrent and decurrent growth forms also did not appear to have a 

distinguishable impact on crown density.  Sweetgum and white oak are premier examples 

of excurrent and decurrent growth forms, respectively, yet their edfs were not 

significantly different at any percentile level.  

 

Crown Dieback 

As with crown density, differences in the locations of the crown dieback 

distributions were established through pair-wise comparisons of the CIs.  Comparisons of 

the best-case CIs revealed differences among the seven species at the 75th percentile only 

(Table 3.7).  The distinguishing characteristic at the 75th percentile was the inclusion of 

zero or five percent.  The CIs for Virginia pine, red maple, and white oak included five 

percent, whereas the CI for sweetgum included both zero and five percent.  The CIs for 

slash pine, loblolly pine, and yellow-poplar included zero percent but not five percent.   

The average width of the best-case CIs was 5.10 percent across all percentiles and 

all species.  The CIs were widest for the 90th percentile and narrowest for the 10th 

percentile.  On average across all percentiles, the best-case CIs were widest for white oak 

(5.68 percent) and narrowest for red maple (4.49 percent).  Given the interval width of 

the Uniform distribution from which the “errors” were drawn, the widths of the best-case 

CIs were not unexpected.  It should be noted that the CIs in Table 3.7 include negative 

lower bounds for the 10th, 25th, 50th, and 75th percentiles.  These negative numbers are the 

result of generating two-sided confidence intervals around a point estimate of zero.  It 
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Table 3.7. Best-case 90 percent confidence intervals for crown dieback. LCL=lower confidence limit.  UCL=upper confidence 
limit. 

 
Crown Dieback (%) 

10th percentile 25th percentile 50th percentile 75th percentile 90th percentile Species 
LCL UCL LCL UCL LCL UCL LCL UCL LCL UCL 

Slash Pine -2.21 2.19 -2.27 2.24 -2.23 2.24 -2.28 2.28 -2.08 6.84 
Loblolly Pine -2.21 2.19 -2.27 2.24 -2.23 2.24 -2.28 2.28 2.75 7.27 
Virginia Pine -2.21 2.19 -2.27 2.24 -2.19 3.27 2.72 7.28 3.23 12.15 
Red Maple -2.21 2.19 -2.27 2.24 -2.23 2.24 2.68 7.18 2.75 7.27 
Sweetgum -2.21 2.19 -2.27 2.24 -2.23 2.24 -0.56 7.22 2.75 7.27 
Yellow-poplar -2.21 2.19 -2.27 2.24 -2.23 2.24 -2.28 2.29 2.75 7.27 
White Oak -2.21 2.19 -2.27 2.24 -2.18 6.33 2.72 7.28 2.81 11.52 
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should be understood that negative crown diebacks are not possible and therefore, the 

practical lower bounds for these percentiles is zero.   

Crown dieback is an unmistakable indicator of tree health and extreme dieback is 

detrimental to any tree regardless of species.  Dieback greater than 15 percent was rare 

for all species and the differences noted at the 75th percentile were inconsequential as the 

levels of crown dieback were minimal at this percentile (0-5 percent).  Though Stoyenoff 

et al. (1998) suggest that hardwood species maintain slightly higher levels of dieback due 

to the energy requirements of flushing new leaves each year, this was not evident in this 

analysis.  Perhaps this is caused by the lack of repeated measurements because Steinman 

(2001) found that the threshold for imminent death was higher for hardwoods than for 

softwoods.  That is, softwoods with crown dieback greater than 20 percent were found 

most likely to die within one year of assessment, whereas the threshold was 30 percent 

for hardwoods.  Thus, some species may be able to tolerate (i.e. live longer) greater 

amounts of dieback than other species, but this was not fully evident in the one-time 

assessments analyzed here. 

 

Foliage Transparency 

As with crown density and crown dieback, differences in the locations of the 

foliage transparency distributions were established through pair-wise comparisons of the 

CIs (Table 3.8).  Comparisons of the best-case CIs revealed differences between Virginia 

pine and all of the other species at all or most of the percentiles.  Virginia pine was 

different than sweetgum, yellow-poplar, and white oak at all percentiles, and different 

from red maple, loblolly pine, and slash pine at all percentiles except the 10th, 10th and 

25th, and 10th percentiles, respectively.  Sweetgum was different from all species at the 

10th percentile, and different from the three pines at the 25th percentile.  All species 

except Virginia pine were alike at the 50th percentile.  Two sets of species were alike at 

all percentiles: yellow-poplar and white oak, and loblolly pine and red maple.  From 

Figure 3.4 (page 78) it can be seen that the edfs for sweetgum and Virginia pine form the 

borders for all other edfs.  Virginia pine had the highest foliage transparencies and 

sweetgum had the lowest foliage transparencies.
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Table 3.8. Best-case 90 percent confidence intervals for foliage transparency. LCL=lower confidence limit.  UCL=upper 
confidence limit. 
 

Foliage Transparency (%) 
10th percentile 25th percentile 50th percentile 75th percentile 90th percentile Species 

LCL UCL LCL UCL LCL UCL LCL UCL LCL UCL 
Slash Pine 12.53 17.23 12.73 17.24 12.77 17.24 14.24 22.23 17.74 22.23 
Loblolly Pine 7.73 12.24 12.73 17.24 12.77 17.24 17.72 22.28 22.74 27.23 
Virginia Pine 12.73 17.24 12.88 21.74 17.77 22.45 22.78 31.09 28.06 37.00 
Red Maple 7.73 12.25 12.73 17.24 12.77 17.24 17.72 22.28 21.55 27.23 
Sweetgum 2.74 7.46 7.73 12.24 12.67 17.24 12.72 17.28 17.72 22.23 
Yellow-poplar 7.73 12.24 7.74 12.3 12.77 17.24 12.96 22.02 17.74 22.23 
White Oak 7.73 12.24 7.75 12.39 12.77 17.24 17.71 22.28 17.90 26.81 
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The average width of the best-case CIs was 5.28 percent across all percentiles and 

all species.  The CIs were widest for the 75th percentile and narrowest for the 50th 

percentile.  On average across all percentiles, the best-case CIs were widest for Virginia 

Pine (6.62 percent) and narrowest for loblolly pine (4.51 percent).  Given the interval 

width of the Uniform distribution from which the “errors” were drawn, the widths of 

these CIs were not unexpected.   

Oliver and Larson’s (1996) suggestion that species with higher shade tolerances 

maintain denser crowns than species with lower shade tolerances can be considered in 

light of foliage transparency as it was for crown density. That is, shade intolerant trees 

should have higher foliage transparencies than shade tolerant trees.  As with crown 

density, the edfs of the species examined herein do not fully support this idea.  Virginia 

pine, most likely the most shade intolerant species, generally had higher foliage 

transparency than the other species.  Yet, red maple and loblolly pine were not 

significantly different at any of the percentiles despite their disparate shade tolerances. 

 

Confidence intervals for the averaging-case scenario  

Pair-wise comparisons of the averaging-case CIs revealed no differences among 

the species for any of the crown condition indicators (Tables 3.9, 3.10, and 3.11).  The 

average width of the averaging-case CIs across all species and percentiles was 14.21 

percent for crown density, 13.80 percent for crown dieback, and 13.99 percent for foliage 

transparency.  It should be noted that the CIs in Tables 3.10 and 3.11 include negative 

lower bounds for some of the percentiles.  As in the best-case scenario, these negative 

numbers are the result of adding the “error” term to a crown condition of zero percent.  

Again, it should be understood that negative crown conditions are not possible and 

therefore, the practical lower bound for these percentiles is zero.  The interval width of 

the Uniform distribution from which the “errors” were drawn was (-7.5, +7.5); therefore, 

the average widths of the averaging-case CIs were not unexpected.   
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Table 3.9. Averaging-case 90 percent confidence intervals for crown density. LCL=lower confidence limit.  UCL=upper 
confidence limit. 

 
Crown Density (%) 

10th percentile 25th percentile 50th percentile 75th percentile 90th percentile Species 
LCL UCL LCL UCL LCL UCL LCL UCL LCL UCL 

Slash Pine 23.38 36.58 28.20 41.72 33.30 46.73 38.15 51.85 39.96 56.44 
Loblolly Pine 23.88 36.58 28.21 41.73 33.34 46.96 43.17 56.85 48.26 61.81 
Virginia Pine 18.01 31.58 23.21 36.83 33.27 46.73 38.40 52.93 43.60 60.35 
Red Maple 28.32 41.58 33.18 46.72 38.30 51.73 44.62 61.23 53.26 66.81 
Sweetgum 26.20 41.48 33.20 46.72 38.45 52.26 48.16 61.85 53.32 69.55 
Yellow-poplar 28.38 41.58 33.59 49.95 43.27 56.73 48.31 62.49 53.95 71.15 
White Oak 28.27 41.62 33.20 46.72 38.47 53.07 48.17 61.85 53.51 69.11 
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Table 3.10. Averaging-case 90 percent confidence intervals for crown dieback. LCL=lower confidence limit.  UCL=upper 
confidence limit. 
 

Crown Dieback (%) 
10th percentile 25th percentile 50th percentile 75th percentile 90th percentile Species 

LCL UCL LCL UCL LCL UCL LCL UCL LCL UCL 
Slash Pine -6.62 6.58 -6.80 6.72 -6.70 6.73 -6.83 6.85 -6.25 10.52 
Loblolly Pine -6.62 6.58 -6.80 6.72 -6.70 6.73 -6.83 6.85 -1.74 11.81 
Virginia Pine -6.62 6.58 -6.80 6.72 -6.57 6.99 -1.83 11.85 -0.31 16.44 
Red Maple -6.62 6.58 -6.80 6.72 -6.70 6.73 -1.87 11.85 -1.74 11.81 
Sweetgum -6.62 6.58 -6.80 6.72 -6.70 6.30 -2.46 11.66 -1.74 11.81 
Yellow-poplar -6.62 6.58 -6.80 6.72 -6.70 6.73 -6.83 6.85 -1.74 11.81 
White Oak -6.62 6.58 -6.80 6.72 -6.54 9.00 -1.83 11.85 -1.56 14.57 
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Table 3.11. Averaging-case 90 percent confidence intervals for foliage transparency. LCL=lower confidence limit.  UCL=upper 
confidence limit. 
 

Foliage Transparency (%) 
10th percentile 25th percentile 50th percentile 75th percentile 90th percentile Species 

LCL UCL LCL UCL LCL UCL LCL UCL LCL UCL 
Slash Pine 7.98 21.70 8.20 21.72 8.30 21.73 12.54 26.69 13.23 26.69 
Loblolly Pine 3.19 16.73 8.20 21.72 8.30 21.73 13.17 26.85 18.23 31.69 
Virginia Pine 8.19 21.73 8.64 25.22 13.31 26.96 18.34 33.27 24.18 41.00 
Red Maple 3.19 16.73 8.20 21.72 8.30 21.73 13.17 26.85 17.90 31.63 
Sweetgum -1.79 11.94 3.20 16.72 8.17 21.73 8.17 21.85 13.20 26.69 
Yellow-poplar 3.19 16.73 3.21 16.80 8.30 21.73 8.89 26.05 13.23 26.69 
White Oak 3.19 16.73 3.25 16.90 8.30 21.73 13.15 26.83 13.69 30.42 
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Conclusion 

Based upon the averaging-case scenario CIs, no significant differences among the 

species were found for any of the crown condition indicators.  This casts a shadow on the 

validity of the differences observed from the best-case CIs.  Nevertheless, some 

interspecies differences likely exist, particularly for crown density and foliage 

transparency, because the two sets of CIs are based on all observations being either the 

best-case or averaging-case.  Since a combination of the two cases unquestionably occurs 

in the field, the “true” CIs probably lie somewhere between the CI sets reported here.   

Further complicating the conclusions herein is that the error incorporated in the 

bootstrap estimates is only part of the known error in the crown condition assessments.  

The best-case and averaging-case errors incorporated expected within-crew variation  

only.  Between crew variation also exists—more so for crown density than for crown 

dieback or foliage transparency (See Chapters I and II)—but no practical way of 

incorporating between-crew error was found.  Consequently, these CI sets are best case 

CIs and as such the differences noted among species should be considered carefully. 

Overall, no one species proved to be completely different than all other species, 

though Virginia pine was the most conspicuous.  The poor crown conditions exhibited by 

Virginia pine are in concordance with the findings of Burkman and Bechtold (2000).  

They compared the crown conditions of shortleaf, slash, loblolly, and Virginia pines on 

FIA Phase 3 plots in Alabama, Delaware, Georgia, Maryland, New Jersey, and Virginia 

for the years 1991-1995 and 1997.  They found that in general, Virginia pine had the 

poorest crown conditions of the four pines.  In addition, their graphs of mean crown 

conditions by year indicate that slash pine tended to have the best crown conditions 

overall with loblolly pine falling between slash pine and Virginia pine.  The results of this 

work coincide with their graphs in that slash pine tended to have slightly better crown 

conditions than loblolly pine.   

In closing, there is clearly a gradient of expected crown conditions among species.  

Most plausibly, Virginia pine can be expected to have relatively poorer crowns and while 

there may be a difference between hardwood and softwood crown densities in general, 
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uncertainty in the data makes it difficult to confidently pinpoint species-specific 

differences for any of the crown condition indicators.   
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CHAPTER IV 

INTRASPECIES VARIATION IN THREE CROWN CONDITION  
INDICATORS FOR LOBLOLLY PINE AND SWEETGUM TREES  

IN ALABAMA AND GEORGIA 
 

Introduction 

Chapter III investigated the potential interspecies variation in tree crowns for 

seven species in the southeastern United States.  In addition to intrinsic species 

differences, other external factors influence crown shape.  These factors include latitude, 

elevation, canopy position, stage of tree development, stocking levels, moisture 

availability, damage, insect infestations, and exposure to harsh weather conditions such 

as extreme winds and snowfall (USDA Forest Service 1999, Kuuluvainen and Sprugel 

1996, Oliver and Larson 1996, Farmer 1976, Helms 1976, and Horn 1971).  Hence, 

intraspecies variation in tree crowns may occur depending upon the environmental 

conditions in which the trees are growing.  The purpose of this paper is to evaluate and 

describe intraspecies variation in three crown condition indicators for loblolly pine (Pinus 

taeda) and sweetgum (Liquidambar styraciflua) trees growing in different environmental 

conditions in Alabama and Georgia.   

 

 

Methods 

Data Description 

The data used in this study are subsets of the data utilized in Chapter III.  In order 

to control as much variation as possible, the data were classified by several 

environmental variables.  The number of observations in each subset limited the different 

environmental conditions that could be considered (Table 4.1).  At least 50 trees per 

subset were preferred.  In order to retain an adequate number of trees per subset, some 

environmental conditions were not separated as subgroups.  These “uncontrolled” 

conditions were forest type, elevation, aspect, stand size, and tree crown position.  The 

“controlled” environmental variables were state, stand origin, terrain position, and
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Table 4.1. Subset definitions and pair-wise comparisons used to evaluate intraspecies differences in the empirical distribution 
functions of crown density, crown dieback, and foliage transparency.  SPB=southern pine beetle. 
 

Subset State Species Stand 
Origin 

Terrain 
Position 

SPB 
present 

Number 
of trees Pair-wise Comparisons 

1 Alabama Loblolly Pine Planted Flatland yes 323 Subset 2, Subset 5 
2 Alabama Loblolly Pine Planted Midslope yes 261 Subset 1, Subset 6 
3 Georgia Loblolly Pine Natural Flatland yes 180 Subset 4, Subset 5 
4 Georgia Loblolly Pine Natural Midslope yes 103 Subset 3, Subset 6 
5 Georgia Loblolly Pine Planted Flatland yes 386 Subset 1, Subset 3, Subset 6 
6 Georgia Loblolly Pine Planted Midslope yes 231 Subset 2, Subset 4, Subset 5 
7 Alabama Sweetgum Natural Flatland yes 52 Subset 8, Subset 9 
8 Alabama Sweetgum Natural Midslope yes 40 Subset 7 
9 Georgia Sweetgum Natural Flatland yes 55 Subset 9 
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historical presence of southern pine beetle infestations (Dendroctonus frontalis Zimm., 

SPB).  Descriptions of stand origin and terrain position are given in Chapter I (page 21). 

Loblolly pine is a primary host for the SPB and depending upon the severity of 

the SPB outbreak, most loblolly pines are either killed or suffer severe defoliation.  SPB 

outbreaks have periodically occurred in the southeastern US for many years.  Historic 

SPB presence was included as a subset variable because tree crowns are the result of both 

present and past influences on the tree.  SPB presence was not specifically recorded for 

each FIA Phase 3 plot, thus external literature was used to assign SPB presence/absence 

to each observation.  An observation was coded for SPB presence if the county in which 

it occurred had any infestation spots during the years 1990-1996 (Price et al. 1998).  

 

Data Analysis 

Crown density, crown dieback, and foliage transparency empirical distribution 

functions (edfs) for the species-specific subsets were compared by examining the 10th, 

25th, 50th, 75th, and 90th percentiles as done in Chapter III.  Two-sided 90 percent 

bootstrap confidence intervals (CIs) were calculated in the same manner, resulting in two 

sets of CIs reflecting the best-case and averaging-case within-crew errors.  As in Chapter 

III, two subsets were declared significantly different at a percentile level if their CIs for 

the given percentile did not overlap.  Table 4.1 lists the pair-wise comparisons used to 

evaluate intraspecies differences in the edfs. 

 

 

Results and Discussion 

Loblolly Pine 

Smoothed edf plots illustrate that the shapes of the crown condition indicator 

distributions are similar for the loblolly pine subsets (Figure 4.1).  [Edfs are plotted as 

step functions for each subset individually in Appendix B.]  Observed crown densities 

ranged from 15 to 65 percent.  Crown dieback ranged from 0 to 50 percent, but 95 

percent of the trees had less than 5 percent dieback.  Foliage transparency ranged from 0 

to 35 percent.  Median crown density was 40 percent for all loblolly subsets except  
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Figure 4.1. Smoothed empirical distribution functions for loblolly pine crown density, 
crown dieback, and foliage transparency. 
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Subset 1; median crown density was 35 percent for Subset 1 (Table 4.2).  Median crown 

dieback was zero percent for all subsets (Table 4.3).  Median foliage transparency was 20 

percent for Subset 3 and 15 percent for all other subsets (Table 4.4).   

 

Confidence intervals for the best-case scenario  

 Pair-wise comparisons of the subset best-case CIs (Tables 4.5, 4.6, and 4.7) 

addressed three questions: 

1. In Georgia, are there significant differences in crown density, crown dieback, and 
foliage transparency between stands of planted and natural origins?   

 
2. Within a state, are there significant differences in crown density, crown dieback, and 

foliage transparency between trees growing on midslopes and flatland?   
 
3. Between Alabama and Georgia, are there significant differences in crown density, 

crown dieback, and foliage transparency for a given terrain position or stand origin?   

To answer question one, pair-wise comparisons were made between Subsets 3 and 

5, and Subsets 4 and 6.  Results indicated that at the 50th and 90th percentiles, loblolly 

pine trees in flat, natural stands (Subset 3) had significantly higher (i.e. poorer) foliage 

transparency than trees in flat, planted stands (Subset 5) (Table 4.7).  At the 75th 

percentile both subsets were centered near 20 percent; however, examination of the 

subsets indicated that the natural stands included several trees with foliage transparency 

beyond 20 percent while only a few trees in the planted subset were beyond 20 percent 

(Figure B.3).  This was the reason for the significant difference at the 90th percentile.  No 

other differences in the crown indicators were found between Subsets 3 and 5, and no 

differences at all were found between trees in natural and planted stands on midslopes 

(Subsets 4 and 6).   

In addressing question two, pair-wise comparisons were made between Subsets 1 

and 2, Subsets 3 and 4, and Subsets 5 and 6.  In Alabama, the only significant difference 

was at the 90th percentile for foliage transparency.  Trees on planted midslopes (Subset 2) 

had higher (i.e. poorer) foliage transparency than trees planted on flatland (Subset 1).  In 

Georgia, trees growing in natural, flatland stands (Subset 3) had higher (poorer) foliage 

transparency at the 50th percentile than trees growing on natural, midslope stands (Subset 
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Table 4.2. Observed crown density percentiles by loblolly pine subset. 
 

Crown Density Percentile Subset State Stand Origin Terrain Position 10th 25th 50th 75th 90th 
1 Alabama Planted Flatland 30 30 35 45 50 
2 Alabama Planted Midslope 30 35 40 45 50 
3 Georgia Natural Flatland 35 40 40 45 50 
4 Georgia Natural Midslope 30 35 40 45 50 
5 Georgia Planted Flatland 35 35 40 45 50 
6 Georgia Planted Midslope 30 35 40 45 45 
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Table 4.3. Observed crown dieback percentiles by loblolly pine subset. 
 

Crown Dieback Percentile Subset State Stand Origin Terrain Position 10th 25th 50th 75th 90th 
1 Alabama Planted Flatland 0 0 0 0 0 
2 Alabama Planted Midslope 0 0 0 0 0 
3 Georgia Natural Flatland 0 0 0 0 5 
4 Georgia Natural Midslope 0 0 0 0 5 
5 Georgia Planted Flatland 0 0 0 0 5 
6 Georgia Planted Midslope 0 0 0 0 0 
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Table 4.4. Observed foliage transparency percentiles by loblolly pine subset. 
 

Foliage Transparency Percentile Subset State Stand Origin Terrain Position 10th 25th 50th 75th 90th 
1 Alabama Planted Flatland 10 15 15 20 20 
2 Alabama Planted Midslope 15 15 15 20 25 
3 Georgia Natural Flatland 10 15 20 20 25 
4 Georgia Natural Midslope 15 15 15 20 20 
5 Georgia Planted Flatland 10 15 15 20 20 
6 Georgia Planted Midslope 10 15 15 15 20 
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Table 4.5. Best-case 90 percent confidence intervals for loblolly pine crown density. LCL=lower confidence limit.  UCL=upper 
confidence limit. 
 

Crown Density (%) 
10th percentile 25th percentile 50th percentile 75th percentile 90th percentile Subset 

LCL UCL LCL UCL LCL UCL LCL UCL LCL UCL 
1 23.85 32.15 27.85 36.41 32.96 41.98 42.64 47.28 46.36 52.26 
2 27.78 32.19 32.73 37.24 37.77 42.24 42.85 51.81 47.85 56.57 
3 30.82 37.17 34.09 42.15 37.86 46.32 42.73 47.33 47.77 52.44 
4 25.4 32.18 28.02 36.98 34.34 42.23 42.62 47.27 43.17 52.18 
5 28.83 37.15 32.73 37.29 37.77 42.24 42.72 47.28 43.3 52.18 
6 27.80 32.66 32.73 37.24 37.75 42.24 42.51 47.27 42.75 47.27 
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Table 4.6. Best-case 90 percent confidence intervals for loblolly pine crown dieback. LCL=lower confidence limit.  UCL=upper 
confidence limit. 
 

Crown Dieback (%) 
10th percentile 25th percentile 50th percentile 75th percentile 90th percentile Subset 

LCL UCL LCL UCL LCL UCL LCL UCL LCL UCL 
1 -2.21 2.19 -2.27 2.24 -2.23 2.24 -2.28 2.28 -2.20 5.82 
2 -2.21 2.19 -2.27 2.24 -2.23 2.24 -2.28 2.28 -2.25 2.28 
3 -2.21 2.19 -2.27 2.24 -2.23 2.24 -2.28 2.28 -1.81 7.03 
4 -2.21 2.19 -2.27 2.24 -2.23 2.24 -2.22 5.89 2.75 7.42 
5 -2.21 2.19 -2.27 2.24 -2.23 2.24 -2.27 2.29 2.75 7.27 
6 -2.21 2.19 -2.27 2.24 -2.23 2.24 -2.28 2.28 -2.25 2.27 
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Table 4.7. Best-case 90 percent confidence intervals for loblolly pine foliage transparency. LCL=lower confidence limit.  
UCL=upper confidence limit. 
 

Foliage Transparency (%) 
10th percentile 25th percentile 50th percentile 75th percentile 90th percentile Subset 

LCL UCL LCL UCL LCL UCL LCL UCL LCL UCL 
1 7.93 16.87 12.73 17.24 12.77 17.24 17.72 22.28 17.76 22.43 
2 12.72 17.26 12.73 17.24 12.78 19.63 17.74 22.53 22.75 27.27 
3 7.94 16.87 12.73 17.24 17.65 22.23 17.73 22.32 22.73 27.27 
4 12.52 17.25 12.73 17.24 12.77 17.24 13.78 22.19 17.93 26.83 
5 7.81 16.31 12.73 17.24 12.77 17.29 17.72 22.28 17.76 22.31 
6 7.83 16.41 12.73 17.24 12.77 17.24 12.72 17.28 17.58 22.27 
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4).  Even though the smoothed edf plot (Figure 4.2) suggests potential differences at the 

75th and 90th percentiles as well, wider than average CIs for the midslope stands barred 

significant differences at these percentiles.  Also in Georgia, trees growing on planted, 

midslopes (Subset 6) had higher transparency at the 75th percentile than trees growing on 

planted, flatland (Subset 5).  In addition to this difference in foliage transparency, 

Subsets5 and 6 differed at the 90th percentile for crown dieback: Subset 5 had more 

crown dieback (Table 4.6).   

To answer question three, pair-wise comparisons were made between Subsets 1 

and 5, and Subsets 2 and 6.  No significant differences were found between Alabama and 

Georgia trees growing in planted, flatland stands (Subsets 1 and 5, respectively); 

however, differences were found between trees growing in planted, midslope stands.  

Trees in Georgia (Subset 6) had lower crown density at the 90th percentile but better 

foliage transparency at the 75th and 90th percentiles than Alabama (Tables 4.5 and 4.7).   

The average width of the best-case CIs across all subsets and all percentiles was 

6.36 percent for crown density, 4.88 percent for crown dieback, and 5.47 percent for 

foliage transparency.  Across all subsets the crown density CIs were widest for the 10th 

percentile (6.75 percent) and narrowest for the 90th percentile (4.98 percent).  For crown 

dieback, the CIs were widest for the 50th percentile (4.56 percent) and narrowest for the 

10th percentile (4.40 percent).  The foliage transparency CIs were widest at the 10th 

percentile (7.37 percent) and narrowest at the 25th percentile (4.51 percent).  Note that the 

negative lower bounds for crown dieback in Table 4.6 are the result of adding the random 

“error” to an observed dieback of zero percent.  As negative crown conditions are not 

possible, the practical lower bound for these CIs is zero percent.  

 

Confidence intervals for the averaging-case scenario 

Pair-wise comparisons of the averaging-case CIs revealed no differences among 

the subsets for any of the crown condition indicators (Tables 4.8, 4.9, and 4.10).  The 

average width of the averaging-case CIs across all subsets and all percentiles was 14.49 

percent for crown density, 13.62 percent for crown dieback, and 14.10 percent for foliage 

transparency.  It should be noted that the CIs in Table 4.9 include negative lower bounds  
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Figure 4.2. Smoothed foliage transparency empirical distribution functions for loblolly 
pine Subsets 3 and 4.  
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Table 4.8. Averaging-case 90 percent confidence intervals for loblolly pine crown density. LCL=lower confidence limit.  
UCL=upper confidence limit. 
 

Crown Density (%) 
10th percentile 25th percentile 50th percentile 75th percentile 90th percentile Subset 

LCL UCL LCL UCL LCL UCL LCL UCL LCL UCL 
1 21.56 36.46 23.54 39.23 32.96 41.98 42.64 47.28 46.36 52.26 
2 23.37 36.58 28.20 41.72 33.30 46.73 38.54 55.44 43.55 59.72 
3 27.95 41.52 31.78 46.45 33.58 49.10 38.18 51.92 43.32 56.94 
4 22.97 36.53 24.05 40.94 32.62 46.7 38.1 51.82 39.52 56.51 
5 26.49 41.44 28.20 41.78 33.30 46.73 38.17 51.85 39.90 56.53 
6 23.41 36.85 28.20 41.72 33.29 46.73 37.99 51.80 38.26 51.81 
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Table 4.9. Averaging-case 90 percent confidence intervals for loblolly pine crown dieback. LCL=lower confidence limit.  
UCL=upper confidence limit. 
 

Crown Dieback (%) 
10th percentile 25th percentile 50th percentile 75th percentile 90th percentile Subset 

LCL UCL LCL UCL LCL UCL LCL UCL LCL UCL 
1 -6.62 6.58 -6.8 6.72 -6.70 6.73 -6.83 6.85 -6.61 7.49 
2 -6.62 6.58 -6.80 6.72 -6.7 6.73 -6.83 6.85 -6.74 6.82 
3 -6.62 6.58 -6.80 6.72 -6.70 6.73 -6.83 6.85 -5.44 11.09 
4 -6.62 6.58 -6.80 6.72 -6.70 6.73 -6.66 7.66 -1.72 11.93 
5 -6.62 6.58 -6.80 6.72 -6.70 6.73 -6.82 6.85 -1.74 11.81 
6 -6.62 6.58 -6.80 6.72 -6.70 6.73 -6.83 6.85 -6.74 6.81 
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Table 4.10. Averaging-case 90 percent confidence intervals for loblolly pine foliage transparency. LCL=lower confidence limit.  
UCL=upper confidence limit. 
 

Foliage Transparency (%) 
10th percentile 25th percentile 50th percentile 75th percentile 90th percentile Subset 

LCL UCL LCL UCL LCL UCL LCL UCL LCL UCL 
1 3.79 20.62 8.2 21.72 8.30 21.73 13.15 26.85 13.29 26.97 
2 8.16 21.70 8.20 21.72 8.34 22.09 13.21 27.08 18.26 31.81 
3 3.82 20.60 8.20 21.72 13.16 26.70 13.18 26.87 18.26 31.81 
4 7.94 21.74 8.20 21.72 8.30 21.73 11.35 26.58 13.78 30.48 
5 3.43 18.92 8.20 21.72 8.17 21.84 13.17 26.85 13.27 26.86 
6 3.48 19.24 8.20 21.72 8.30 21.73 8.17 21.85 13.11 26.80 
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for some of the crown dieback percentiles.  As in the best-case scenario, these negative 

numbers are the result of adding the “error” to zero percent dieback.  Again, it should be 

understood that negative crown conditions are not possible and therefore, the practical 

lower bound for these percentiles is zero. 

 

Sweetgum 

Smoothed edf plots show that the shapes of the crown condition indicator 

distributions are similar for the sweetgum subsets (Figure 4.3).  [Edfs are plotted as step 

functions for each subset individually in Appendix C.]  Observed crown densities ranged 

from 15 to 65 percent.  Crown dieback ranged from 0 to 25 percent, and foliage 

transparency ranged from 5 to 20 percent.  Median crown density was 45 percent for 

Subsets 8 and 9, and 37.5 percent for Subset 7 (Table 4.11).  Median crown dieback was 

zero percent for all subsets (Table 4.12), and median foliage transparency was 15 percent 

(Table 4.13).    

 

Confidence intervals for the best-case scenario 

Pair-wise comparisons of the subset best-case CIs (Tables 4.14, 4.15, and 4.16) 

addressed two questions: 

1. In Alabama, are there significant differences in crown density, crown dieback, and 
foliage transparency between sweetgum trees growing on midslopes and flatland?   

 
2. Between Alabama and Georgia, are there significant differences in crown density, 

crown dieback, and foliage transparency for sweetgum trees growing on flatland?   

To address question one, pair-wise comparisons were made between Subsets 7 

and 8.  No significant differences were found at any of the percentiles for any of the 

crown indicators.  This indicates that in Alabama, sweetgum trees growing on flatlands 

are expected to have the same crown density, crown dieback, and foliage transparency 

distributions as trees growing on midslopes.  That is, neither midslope nor flatland 

sweetgum trees had significantly better or poorer crowns.   

To answer question two, pair-wise comparisons were made between Subsets 7 

and 9.  Only one significant difference was found for these subsets, at the 25th percentile  
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Figure 4.3. Smoothed empirical distribution functions for sweetgum crown density, 
crown dieback, and foliage transparency.
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Table 4.11. Observed crown density percentiles by sweetgum subset. 
 

Crown Density Percentile Subset State Stand Origin Terrain Position 10th 25th 50th 75th 90th 
7 Alabama Natural Flatland 20 30 37.5 47.5 55 
8 Alabama Natural Midslope 27.5 35 45 50 57.5 
9 Georgia Natural Flatland 35 40 45 50 55 

 

 

 

 
Table 4.12. Observed crown dieback percentiles by sweetgum subset.  

 
Crown Dieback Percentile Subset State Stand Origin Terrain Position 10th 25th 50th 75th 90th 

7 Alabama Natural Flatland 0 0 0 5 5 
8 Alabama Natural Midslope 0 0 0 5 5 
9 Georgia Natural Flatland 0 0 0 5 5 
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Table 4.13. Observed foliage transparency percentiles by sweetgum subset. 
 

Foliage Transparency Percentile Subset State Stand Origin Terrain Position 10th 25th 50th 75th 90th 
7 Alabama Natural Flatland 5 10 15 15 20 
8 Alabama Natural Midslope 10 10 15 15 20 
9 Georgia Natural Flatland 5 10 15 15 15 

 

 

 

 

Table 4.14. Best-case 90 percent confidence intervals for sweetgum crown density. LCL=lower confidence limit.  UCL=upper 
confidence limit. 
 

Crown Density (%) 
10th percentile 25th percentile 50th percentile 75th percentile 90th percentile Subset 

LCL UCL LCL UCL LCL UCL LCL UCL LCL UCL 
7 17.94 31.91 27.85 36.40 33.07 44.35 42.97 52.29 48.90 59.93 
8 23.08 34.34 30.09 41.95 40.33 47.34 45.61 56.50 52.79 62.03 
9 30.53 41.48 37.72 42.41 42.71 48.95 47.74 56.14 52.66 64.22 
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Table 4.15. Best-case 90 percent confidence intervals for sweetgum crown dieback. LCL=lower confidence limit.  UCL=upper 
confidence limit. 
 

Crown Dieback (%) 
10th percentile 25th percentile 50th percentile 75th percentile 90th percentile Subset 

LCL UCL LCL UCL LCL UCL LCL UCL LCL UCL 
7 -2.21 2.19 -2.27 2.24 -2.14 5.95 2.72 7.28 2.77 9.3 
8 -2.21 2.19 -2.27 2.24 -2.14 5.95 2.72 7.28 2.77 9.3 
9 -2.21 2.19 -2.27 2.24 -2.23 2.29 2.14 7.27 2.88 16.34 

 

 

 

 
Table 4.16. Best-case 90 percent confidence intervals for sweetgum foliage transparency. LCL=lower confidence limit.  
UCL=upper confidence limit. 

 
Foliage Transparency (%) 

10th percentile 25th percentile 50th percentile 75th percentile 90th percentile Subset 
LCL UCL LCL UCL LCL UCL LCL UCL LCL UCL 

7 2.89 11.95 7.76 12.45 12.65 17.24 12.72 17.31 13.07 22.05 
8 6.07 12.22 7.97 16.68 12.76 17.24 12.93 21.61 17.62 22.27 
9 2.73 7.35 3.85 12.16 8.03 17.01 12.72 17.28 12.82 21.30 
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for crown density: sweetgum trees in Georgia (Subset 9) had greater (better) crown 

density than those in Alabama (Subset 7).  Even though the observed crown density at the 

10th percentile was 15 percent better for Georgia than for Alabama, wider than average 

CIs for Alabama precluded significant differences at this percentile (Table 4.14).  The 

average width of the best-case CIs across all subsets and all percentiles was 9.75 percent 

for crown density, 5.88 percent for crown dieback, and 6.64 percent for foliage 

transparency.  Across all subsets the crown density CIs were widest for the 10th percentile 

(12.06 percent) and narrowest for the 50th percentile (7.87 percent).  For crown dieback, 

the CIs were widest for the 90th percentile (8.21 percent) and narrowest for the 10th 

percentile (4.40 percent).  The foliage transparency CIs were widest at the 25th percentile 

(7.24 percent) and narrowest at the 90th percentile (4.56 percent).  Note that the negative 

lower bounds for crown dieback in Table 4.15 are the result of adding the “error” to an 

observed dieback of zero percent.  As negative crown conditions are not possible, the 

practical lower bound for these CIs is zero percent.  

 

Confidence intervals for the averaging-case scenario 

Pair-wise comparisons of the averaging-case CIs revealed no differences among 

the subsets for any of the crown condition indicators (Tables 4.17, 4.18, and 4.19).  The 

average width of the averaging-case CIs across all subsets and all percentiles was 16.46 

percent for crown density, 14.15 percent for crown dieback, and 14.86 percent for foliage 

transparency.  It should be noted that the CIs in Tables 4.18 and 4.19 include negative 

lower bounds for some of the crown dieback and foliage transparency percentiles.  As in 

the best-case scenario, these negative numbers are the result of adding the “error” to a 

crown condition of zero percent.  Again, it should be understood that negative crown 

conditions are not possible and therefore, the practical lower bound for these percentiles 

is zero.   
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Table 4.17. Averaging-case 90 percent confidence intervals for sweetgum crown density. LCL=lower confidence limit.  
UCL=upper confidence limit. 
 

Crown Density (%) 
10th percentile 25th percentile 50th percentile 75th percentile 90th percentile Subset 

LCL UCL LCL UCL LCL UCL LCL UCL LCL UCL 
7 13.83 35.72 23.58 39.39 29.21 46.38 39.16 56.19 46.75 62.07 
8 19.51 36.82 27.70 45.30 37.73 51.74 38.48 54.15 48.83 65.62 
9 28.08 44.44 33.20 46.89 38.30 52.01 43.38 58.41 48.37 66.81 

 

 

 

 

Table 4.18. Averaging-case 90 percent confidence intervals for sweetgum crown dieback. LCL=lower confidence limit.  
UCL=upper confidence limit. 
 

Crown Dieback (%) 
10th percentile 25th percentile 50th percentile 75th percentile 90th percentile Subset 

LCL UCL LCL UCL LCL UCL LCL UCL LCL UCL 
7 -6.62 6.58 -6.80 6.72 -6.42 8.37 -1.84 11.85 -1.68 12.09 
8 -6.62 6.58 -6.80 6.72 -6.42 8.37 -1.84 11.85 -1.68 12.09 
9 -6.62 6.58 -6.80 6.72 -6.69 6.74 -2.00 11.82 -1.37 19.02 
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Table 4.19. Averaging-case 90 percent confidence intervals for sweetgum foliage transparency. LCL=lower confidence limit.  
UCL=upper confidence limit. 
 

Foliage Transparency (%) 
10th percentile 25th percentile 50th percentile 75th percentile 90th percentile Subset 

LCL UCL LCL UCL LCL UCL LCL UCL LCL UCL 
7 -1.32 15.84 3.30 16.96 8.15 21.72 8.17 21.87 9.21 26.16 
8 2.80 16.63 3.90 20.03 8.30 21.73 8.78 24.93 13.11 26.80 
9 -1.81 11.84 1.56 16.47 4.10 21.04 8.17 21.85 8.45 23.90 

 



 118

Conclusion 

Based upon the averaging-case scenario CIs, no significant differences within the 

species were found for any of the crown condition indicators.  This casts a shadow on the 

validity of the differences observed from the best-case CIs.  Nevertheless, some 

intraspecies differences may exist because the two sets of CIs are based on all 

observations being either the best-case or averaging-case.  Since a combination of the 

two cases unquestionably occurs in the field, the “true” CIs probably lie somewhere 

between the CI sets reported here.  It should be noted, however, that the error 

incorporated in the bootstrap estimates is only part of the known error in the crown 

condition assessments.  The best-case and averaging-case errors incorporated expected 

within-crew variation only.  Between-crew variation also exists—more so for crown 

density than for crown dieback or foliage transparency (See Chapters I and II)—but no 

practical way of incorporating between-crew error was found.  Consequently, even the 

averaging-case CIs represent a “best” case situation.   

In addition to the uncertainty in the crown condition measurements, the 

“uncontrolled” environmental conditions (forest type, elevation, aspect, etc.) may have 

masked potential intraspecies variation.  The number of observations required per subset 

prohibited the creation of subgroups that separated all environmental variables.  It was 

hoped that terrain position would capture some of the variation attributable to forest type 

and elevation, and indeed these variables were significantly correlated (p-value <0.0001).  

Based upon the loblolly pine and sweetgum data utilized in Chapter III, the Spearman 

correlation coefficient was 0.084 between terrain position and forest type and -0.485 

between terrain position and elevation.   

In light of the uncertainty and possible uncontrolled variation in the data, there is 

little evidence to suggest that interpretations of crown condition need be concerned with 

intraspecies variation.  A possible exception to this is loblolly pine foliage transparency.  

The majority of the differences within loblolly pine were found in the upper percentiles 

of the best-case foliage transparency CIs.  Differences detected between stand origins 

suggest that planted trees tend to have lower (better) foliage transparency than natural 

stands, but this pattern was found only on flat terrain, not midslopes.  Terrain position 
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also appeared to have an impact on foliage transparency, but the effect was not consistent 

across stand origin.  That is, for planted stands, foliage transparency was higher (poorer) 

on midslopes than on flatland, but for natural stands foliage transparency was highest on 

flatland.  Further study of the differences within loblolly pine foliage transparency would 

be beneficial.  Any such study should control as much environmental variation as 

possible and utilize only one field crew to eliminate between-crew variation.   
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CHAPTER V 

AN EVALUATION OF THE CURRENT CROWN CONDITION THRESHOLD 
LEVELS FOR TREE HEALTH 

 

Introduction 

The USDA Forest Service Forest Inventory and Analysis (FIA) Program utilizes 

visual assessments of tree crowns, specifically crown density, crown dieback, and foliage 

transparency, to accomplish in part the forest health monitoring (FHM) mission of 

reporting the long-term status, changes, and trends in forest ecosystem health in the 

United States (USDA Forest Service 1994).  Visual assessment of tree crowns has been 

used worldwide to measure forest health because it is generally felt that tree health and 

vigor are reflected in the crown condition (Anderson and Belanger 1987, Innes 1993).  

The size and shape of the crown affects the amount of carbohydrates produced by a tree, 

and therefore can have a major effect on the amount and quality of wood produced 

(Biging and Gill 1997).  Healthy crowns are usually distributed symmetrically in a 

predictable manner along the stem and careful examinations for deviations from this 

pattern may indicate a tree undergoing stress (Waring 1987).   

A single assessment of a tree crown results in the categorization of the tree as 

either healthy or unhealthy.  The thresholds that demarcate healthy trees from unhealthy 

trees ideally should be based on the level at which trees are stressed to the point of 

biological decline.  These thresholds are difficult to pinpoint, however, so the tails of 

statistical distributions have been used instead.  Stolte et al. (1994) established thresholds 

by first estimating a concern threshold, i.e., the crown condition level considered to be 

detrimental to the future health of the tree.  The cumulative (empirical) distribution 

function was then subdivided on each side of the concern threshold to give four overall 

categories of health (Figure 5.1): optimal (exceptional), nominal (acceptable), 

subnominal (questionable), and poor (highly undesirable).  As this example illustrates, 

the use of statistical distributions always results in some observations designated as poor; 

nevertheless, statistical distributions are useful for identifying spatial and temporal 

changes in forest condition (Bechtold et al. 2002).   
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Figure 5.1. Example demarcation of crown condition thresholds based upon the four 
categories presented by Stolte et al. (1994).  

 

 

 

 

The FIA-FHM Program has established thresholds for categorizing trees as 

healthy or unhealthy based upon assessments of crown density, crown dieback, and 

foliage transparency.  (See the Introduction for definitions of crown density, crown 

dieback, and foliage transparency.)  These thresholds are (Bechtold et al. 1992):  

• crown density: good, 51-100 percent; moderate, 21-50 percent; and poor, 

0-20 percent;       

• crown dieback: none, 0-5 percent; light, 6-20 percent; moderate, 21-60 

percent; and severe, 61-100 percent; and 

•  foliage transparency: normal, 0-30 percent; moderate, 31-50 percent; and 

severe, 51-100 percent. 

Crown density, crown dieback, and foliage transparency are significantly correlated with 

one another (Table 5.1), but the USDA Forest Service does not assign an overall health  
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Table 5.1. Pearson correlation coefficients for crown density, crown dieback, and foliage 
transparency.  All correlations are significant, p < 0.0001. 
 

 Crown 
Density 

Crown 
Dieback 

Foliage 
Transparency 

Crown Density 1.000 -0.213 -0.379 
Crown Dieback  1.000 0.197 
Foliage Transparency   1.000 
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rating based upon a combined score from the three indicators.  Instead, any one of the 

indicators identifies trees potentially undergoing stress. 

The “good” to “poor” categories aid data interpretation and provide general 

guidelines of health across all species.  It is expected that the thresholds will change as 

further studies note differences among species (Bechtold et al. 1992); however, no 

adjustments have been made to date.  The purpose of this paper, therefore, is to critique 

the crown condition indicator thresholds currently set for all species in light of the results 

of Chapters III and IV. 

 

 

Summary of Previous Results and Threshold Critique  

 A gradient of expected crown conditions among species was evident in the 

original data, though measurement error made it difficult to confidently pinpoint species-

specific differences in the crown condition indicators.  In general for crown density and 

foliage transparency, Virginia pine had the most disparate crown conditions, and was 

especially distinct from sweetgum, yellow-poplar, and white oak.  Crown dieback was 

essentially the same for all species; differences were detected at the 75th percentile only.  

Intraspecies differences were less pervasive as only a few percentiles among the paired 

comparisons were significantly different.  Particularly, the significant differences 

occurred in the upper percentiles of loblolly pine foliage transparency.  Measurement 

error and an insufficient number of observations to adequately categorize the data across 

environmental variables likely strained the discernment of intraspecies differences.   

Given these limitations, it would be imprudent to consider the adequacy of the current 

crown condition thresholds on an intraspecies level.  Furthermore, since no differences 

were evident among the averaging-case confidence intervals, species-specific 

recommendations would be a dubious task as well; therefore, the critique of the current 

thresholds was done with the empirical distribution function (edf) of all species but not 

without consideration of species-specific deviations from this all-species average.  

The all-species edf was based upon the same data set from which the seven select 

species were chosen.  That is, the observations were not on plots with disturbances or on 
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plots missing terrain positions and percent slopes.  A total of 7957 observations were 

utilized.  Included were 29 identifiable species plus trees recorded generically as  

hickories (Carya spp.).  Figures 5.2-5.4 show the all-species edf in relation to the edfs of 

other species in the data set.  The most disparate edfs of the seven select species illustrate 

that these species adequately captured the variation in the non-select species. 

As stated previously, the use of statistical distributions to delineate crown 

condition thresholds always results in some observations designated as poor.  If 

thresholds are set correctly, then the least desirable categories should contain a small 

proportion of the observations.  In contrast, the remaining portion of the distribution, the 

“acceptable” crowns, should constitute the greatest proportion of observations.  No 

guidelines have been given regarding the acceptable proportions to utilize; however, it 

seems reasonable that no more than five to ten percent of the observations should fall into 

the most undesirable categories.  In this analysis, the proportion of observations in the 

poorest categories was 1.70 percent for crown density; 0.16 percent for foliage 

transparency; and 0.49 percent for the moderate and severe crown dieback categories 

combined.  

While the poorest categories appear to include an acceptably small fraction of the 

observations, the largest proportion of the data did not necessarily fall into the best crown 

condition categories.  The best foliage transparency and crown dieback categories 

included approximately 95 percent or more of the observations, but only 22.62 percent of 

the observations exhibited good crown density.  The majority of trees (75.68 percent) had 

only moderate crown density suggesting that perhaps the threshold delineating good 

crown density is incorrectly set.  Thus, adjustments to some of the thresholds are 

recommended to more accurately reflect the distributions of crown density, crown 

dieback, and foliage transparency.   

 

Crown Density 

 Only 22.62 percent of the observations exhibited good crown density, which is 

low given that thresholds based on statistical distributions should delineate the largest 

proportion of observations into the best category.  This seems especially evident when 
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Figure 5.2. Crown density empirical distribution functions by species, including all species combined and the most disparate of 
the seven select species utilized in Chapter III.  
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Figure 5.3. Crown dieback empirical distribution functions by species, including all species combined and the most disparate of 
the seven select species utilized in Chapter III.  
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Figure 5.4. Foliage transparency empirical distribution functions by species, including all species combined and the most 
disparate of the seven select species utilized in Chapter III. 
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individual species are considered.  For example, the percentage of trees in the good 

category ranged from a low of zero percent for swamp tupelo (Nyssa sylvatica var. 

biflora) to a high of 54.35 percent for American beech (Fagus grandifolia).  In the case 

of swamp tupelo, all observations were in the moderate category.  Alterations to the 

moderate class thresholds are suggested to better reflect the expected crown densities. 

Given the data, it appears that both the upper and lower bounds of the moderate 

category need adjusting.  Raising the lower bound from 20 percent to 25 or 30 percent 

would increase the amount of “poor” trees but not unreasonably so.  At 25 percent, 3.84 

percent would be classified as poor; 10.76 percent if the threshold was 30 percent.  Thirty 

percent is deemed the acceptable level as this was the threshold of imminent mortality 

reported by Steinman (2000).  Delineating the remainder of the distribution is not as 

straightforward as defining the poor crowns; however, the interquartile bounds provide 

guidance.  The 25th and 75th percentiles were 40 and 50 percent, respectively.  Setting the 

bounds for the moderate category as 31-40 percent and the bounds for the good category 

as 41-50 percent, re-labels part of the moderate crowns as “good” and effectively splits 

the percentage of trees in the moderate class in half.  The addition of a fourth category, 

crown density greater than 51 percent, then delineates trees with exceptional crown 

density.  The current and proposed thresholds and their effect on the percentage of trees 

in each category are given in Table 5.2. 

The proposed thresholds are based upon the all-species edf; however, variation in 

crown density by species is quite large (Figure 5.2).  Thus, species-specific shifts in 

crown density over time should be interpreted carefully.  For example, American beech 

typically has very dense crowns, and a shift of beech trees into the moderate category 

would certainly indicate declining conditions since “exceptional” crowns are the norm.  

On the other hand, a shift of swamp tupelo trees into the moderate category might not be 

as alarming since moderate crown density is not atypical.   

 

Crown Dieback 

The presence of more than 20 percent crown dieback was a rare event, possibly 

suggesting that trees with such amounts of dieback do not survive very long.  This  
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Table 5.2. Current and proposed categories for crown density condition,  
and the percentage of all observations in each category. 

 
 Crown Density (%) Percentage of Observations 

in Each Category 
 Current Proposed Current  Proposed  
Poor 0 – 20 0 – 30  1.70 10.76 
Moderate 21 – 50 31 – 40  75.68 34.21 
Good 51 – 100 41 – 50  22.62 32.40 
Exceptional --- 51 – 100  --- 22.63 
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coincides with the findings of Steinman (2000) who reported that softwood trees with 

dieback greater than 20 percent were most likely to die within one year of assessment; the 

estimate was 30 percent for hardwood trees.  In light of these results, it seems reasonable  

to establish a threshold at or near 20 percent to indicate that trees are nearing a critical 

level of stress, as well as a threshold beyond 30 percent to indicate ongoing stress.  This 

can be done by moving 20 percent dieback from the light category into the moderate 

category, and lowering the upper bound of the moderate category from 61 percent to 35 

percent.  Lowering the moderate category upper bound to 35 percent is supported by the 

results of the North American Maple Project which indicated that crown dieback 

exceeding 35 percent signaled imminent mortality for sugar maple (Acer saccharum) 

(Allen et al. 1995).  These slight modifications better describe the relative health of trees 

and do not affect the proportion of trees in each category greatly (Table 5.3).  The 

addition of the descriptors utilized by Stolte et al. (1994)—exceptional, acceptable, 

questionable, and highly undesirable—is especially helpful for this crown indicator.  

 

Foliage Transparency 

With no external evidence to suggest a threshold for imminent mortality, 

adjusting the foliage transparency thresholds requires more improvisation than the 

adjustments for crown density and crown dieback.  Currently, foliage transparency less 

than or equal to 30 percent is considered normal and outside the range of detrimental 

stress; however, only 1.22 percent of the trees were found to have transparency greater 

than 30 percent.  As with crown dieback, this may suggest that trees cannot tolerate 

transparency at higher levels.  Subsequently, the upper bound of the normal category 

should be lowered to provide a forewarning of impending decline.  The 75th percentile of 

foliage transparency, 20 percent, provides a plausible upper limit for the normal category.  

Adjusting the normal/moderate threshold accordingly, modifies the percentage of trees in 

these categories by about 12 percent (Table 5.4).   
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Table 5.3. Current and proposed categories for crown dieback condition, and the 
percentage of all observations in each category. 

 
 Crown Dieback (%) Percentage of Observations 

in Each Category 
 Current Proposed Current  Proposed  
None (Exceptional) 0 – 5 0 – 5 94.69 94.69 
Light (Acceptable) 6 – 20 6 – 19 4.82 4.41 
Moderate (Questionable) 21 – 60 20 – 35 0.39 0.66 
Severe (Highly Undesirable) 61 - 100 36 – 100 0.10 0.24 

 
 
 
 
 
 

Table 5.4. Current and proposed categories for foliage transparency condition, and the 
percentage of observations in each category. 

 
 Foliage Transparency 

(%) 
Percentage of Observations 

in Each Category 
 Current Proposed Current  Proposed  
Normal (Acceptable) 0 – 30   0 – 20  98.78 86.96 
Moderate (Questionable) 31 – 50  21 – 40  1.06 12.72 
Severe (Highly Undesirable) 51 – 100  41 – 100  0.16 0.31 
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Conclusion 

Modifications to the current thresholds were made to better partition the crown 

conditions into categories ranging from exceptional to highly undesirable.  Most of the 

modifications centered on the moderate thresholds and resulted in only small changes to 

the percentage of observations in each category.  Utilizing statistical distributions to set  

crown condition thresholds for health may not always correctly identify the trees 

undergoing stress; however, such thresholds can delineate crown conditions outside the 

normal range.  This provides meaningful insight into forest conditions especially when 

the distributions are examined over time.  It is important to remember, though, that the 

proposed (and current) thresholds are not absolute, since a range of expected crown 

conditions exists across species.  Discretion must be exercised when declining or 

improving forest conditions are identified with these categories.   
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CONCLUSION 

 

The USDA Forest Service Forest Inventory and Analysis (FIA) and Forest Health 

Monitoring (FHM) Programs have much invested in the visual assessment of tree crown 

condition.  While the relationship between crown condition and tree vigor is not yet fully 

understood, such assessments are useful in identifying potentially unhealthy forest 

conditions.  This research evaluated and described inter- and intra-species differences in 

three crown condition indicators, and critiqued the thresholds of health set for each of 

these indicators.  In addition, the quality of the crown density indicator was addressed, 

and an attempt to estimate between-crew variation was made.  The analyses herein 

utilized FIA Phase 3 data from six states in the southeastern United States: Alabama, 

Georgia, North Carolina, South Carolina, Tennessee, and Virginia.  Interspecies 

differences were studied among slash pine, loblolly pine, Virginia pine, red maple, 

sweetgum, yellow-poplar, and white oak.  Intraspecies differences were examined for 

loblolly pine and sweetgum trees in Alabama and Georgia.   

 

 

Data quality of the crown density indicator 

 Several factors are known to influence an observer’s ability to make reliable 

visual assessments of tree crowns.  These factors range from a lack of training to the 

dimensions of the tree crown itself.  Observer bias reduces data quality and may lead to 

incorrect conclusions about the health of the forest.  The FIA-FHM Program has 

established an adequate Quality Assurance Plan to monitor the quality of the ongoing 

forest health monitoring; however, the crown density indicator repeatedly fails to meet 

the established measurement quality objective.  Attempts to effectively predict between-

crew variation in the crown density assessments were unsuccessful.  The between-crew 

differences noted for the current data set were not unlike the results of Solberg and 

Strand’s (1999) study in Norway; therefore, it may be that the expected quality of this 

data is too high.  There are options available for improving the quality of the crown 

density assessments.  These include improving field crew training sessions, reducing the 
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number of rating classes, lowering the measurement quality objective, and/or changing 

how crown density is measured altogether, e.g. by making use of advancing digital 

imaging and remote sensing technologies.   

Despite the poor repeatability of the crown density indicator, it and the other 

crown condition indicators provide adequate, albeit rough, assessments of forest health 

trends and should not be abandoned.  Recall that within the FHM Program the detection 

monitoring stage (now under the direction of FIA) works in tandem with the evaluation 

monitoring phase.  That is, forests with unmistakably declining conditions, as discovered 

during detection monitoring, are further scrutinized through intensified surveys.  It is 

through the intensified surveys of the evaluation monitoring process that the extent and 

severity of undesirable changes in forest health are verified.  Thus in the end, the crown 

condition assessments are not the sole factor supporting the presence of declining forest 

health.  All the same, between-crew variation cannot be ignored and should be 

recognized as changes and trends in the crown condition indicators are investigated.   

 

 

Interspecies differences in tree crowns 

 Tree crown form reflects inherent physiological traits of the tree as well as past 

and present external influences exerted thereon.  Tree species captures the inherent 

physiological traits and also impacts the response of the crown to external influences.  

Subsequently, it is assumed that there are quantifiable differences in crown form among 

species, but prior to this research relatively few had been explicitly identified, particularly 

in context of the three crown condition indicators utilized by the FIA and FHM 

Programs.   

A clear gradient of expected crown conditions was indeed found among the 

species examined herein, but uncertainty in the data made it difficult to confidently 

pinpoint species-specific differences for the three FIA crown condition indicators.  

Assuming limited measurement error in the data (i.e. the “best-case” scenario), the 

greatest disparity among species was found in crown density.  Dissimilarity was apparent 

between hardwood and softwood crown densities in general, but only scattered 
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differences were found among the species in each group.  In terms of foliage 

transparency Virginia pine was the most dissimilar overall.  Virginia pine was different 

than sweetgum, yellow-poplar, and white oak at all of the percentiles examined and 

different than red maple, loblolly pine and slash pine at almost all of the percentiles.  No 

major differences were found among the species in terms of crown dieback.   

 Given the gradient of expected crown conditions among species, separating the 

species for data interpretation as well as data analysis is recommended.  Comparative 

statements about crown condition among species can be made in relative terms only, 

because it is evident that some species tend to have relatively poorer crowns than others.  

If a species exhibits generally poorer crown conditions it may not necessarily be in poorer 

health.  Though this may well be true, additional research is needed to determine if 

species with, for example, less dense crowns actually have lower growth rates than 

species with denser crowns. 

 

 

Intraspecies differences in tree crowns 

 Stand origin and terrain position were investigated as environmental factors 

influencing intraspecies differences in tree crowns; however, relatively little variation 

was found within the two species examined.  Differences were noted for loblolly pine 

foliage transparency suggesting that stand origin and terrain position influence this 

indicator, though the evidence was not overwhelmingly supportive or consistent.  Few 

outstanding differences were found within the sweetgum crowns.  This signifies that the 

environmental conditions considered herein have little impact on the crown appearance 

of sweetgum trees. 

  Measurement error and an insufficient number of observations to adequately 

categorize the data across environmental variables likely strained the discernment of 

intraspecies differences.  The intent of the FHM Program is to monitor and detect forest 

health trends on national, regional, and state levels.  Thus perhaps, examining the crowns 

on such a fine scale placed unreasonable expectations on the data.  Ideally, intraspecies 

differences in crown condition should be examined through smaller, more controlled 
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inventories targeting a specific set of environmental conditions.  In addition, sweetgum 

and loblolly pine are very plastic species in that they grow well in a wide variety of 

environmental conditions.  This adaptability may also attribute to the lack of intraspecies 

differences for these two species. 

 

 

Review of the analytical methodology 

 The species’ distributions were compared by examining the 10th, 25th, 50th, 75th, 

and 90th percentiles of the empirical distribution functions for each crown condition 

indicator.  In order to determine statistically significant differences among the species at 

these various percentiles, a measure of standard error was needed; however, no natural 

estimate for the variance of percentiles exists (Hall and Martin 1989).  Therefore, 

bootstrapping was utilized to calculate two-sided 90 percent confidence intervals for each 

percentile with the percentile confidence interval method (Lunneborg 2000).  Random 

error was added to the percentile estimates in each bootstrap resample to capture the 

potential within-crew variation in the crown assessments.  Two confidence interval sets 

were generated, one with random errors distributed Uniform (-2.5, +2.5) and one with 

random errors distributed Uniform (-7.5, +7.5).   

Two species were declared significantly different at a percentile level if their 

confidence intervals for the given percentile did not overlap.  Using overlapping 

confidence intervals to determine statistical significance is, under normal theory, a “valid 

but underpowered test of the hypothesis of no difference” (Mulla and Cole 2004); 

nonetheless, the overlapping confidence interval approach was utilized in this research.  

Additional analyses indicated that few changes in the outcomes of Chapters III and IV 

would have resulted if the standard method had been applied instead.  For example, any 

species that was not declared significantly different from another species because one or 

two of the five best-case percentile confidence intervals overlapped were reevaluated 

using the standard method.  Of the eight comparisons reexamined for crown density and 

foliage transparency, only one conclusion was “incorrect,” that was between Virginia 

pine and red maple at the 75th percentile.  Consequently, if the standard method had been 



 137

applied instead of the overlapping method, Virginia pine and red maple could have been 

declared significantly different at all percentile levels.  The few intraspecies comparisons 

selected for reevaluation were those that would have declared the tails of the distributions 

completely different from one another.  For example, the 25th percentiles of sweetgum 

subsets nine and seven were significantly different under the overlapping method, but the 

10th percentiles were not different.  Thus, the 10th percentile was reexamined with the 

standard method, but still no difference was detected.  While only a small proportion of 

the total comparisons were reexamined, the outcomes suggest that the overall best-case 

scenario results were not compromised by the use of the overlapping method.   

 

 

Recommended changes to the crown condition thresholds 

The critique of the current crown condition thresholds was done with the 

empirical distribution function of all species but not without consideration of species-

specific deviations from the all-species average.  Modifications to the current threshold 

levels were recommended for all three crown condition indicators: the moderate crown 

density category was divided in two and a new category was added to accommodate the 

densest crowns (Figure 35).  In addition, the thresholds bounding the moderate categories 

for crown dieback and foliage transparency were altered because only a small proportion 

of the trees were found beyond the current thresholds (Figures 36 and 37).  The proposed 

thresholds are: 

• crown density: exceptional, 51-100 percent; good, 41-50 percent; 

moderate, 31-40 percent; and poor, 0-30 percent;       

• crown dieback: none, 0-5 percent; light, 6-19 percent; moderate, 20-35 

percent; and severe, 36-100 percent; and 

•  foliage transparency: normal, 0-20 percent; moderate, 21-40 percent; and 

severe, 41-100 percent. 

The suggested changes resulted in only small adjustments to the percentage of 

observations in each category but better reflect the distribution of observations across the 

range of the crown conditions.  Furthermore, the modified thresholds offer improved  
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Figure 35. Current and proposed crown condition thresholds for crown density. 
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Figure 36. Current and proposed crown condition thresholds for crown dieback. 
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Figure 37. Current and proposed crown condition thresholds for foliage transparency. 
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warnings of stress or impending mortality.  This was the particular intent for the proposed 

changes to the moderate-severe threshold of crown dieback and for the downward shift of 

the foliage transparency moderate category.   

 

 

Suggestions for further research 

The crown condition indicators provide adequate, albeit rough, assessments of 

forest health trends and should not be abandoned due to data quality issues.  Instead, 

efforts should be taken to improve the repeatability of the assessments, particularly for 

crown density.  Advancing digital imaging and remote sensing technologies may be the 

most promising avenues for improving crown density assessments; however, the 

practicality of utilizing such technologies on a nation-wide network of plots needs to be 

considered.  Factors limiting the feasibility of these technologies include:  

• the scale of the FIA and FHM Programs – the cost of providing equipment 

for multiple crews in each state,  

• remote plot locations – the ability to transport the equipment safely to the 

plot without undue hardship on the field crew,  

• plot conditions – dense understories and closed canopy conditions, and  

• post- processing of the data – defining algorithms to analyze and summarize 

the collected data.  

Pilot programs initiated in one or more states could address the above factors and study 

the cost-benefit ratios of employing new technologies.   

 In addition to improving the repeatability of the crown condition assessments, 

further understanding of the relationships between the crown condition indicators and 

growth, mortality, and environmental conditions (e.g. atmospheric pollution) is needed.  

In general, visual assessments of tree crowns in the US were begun in response to 

growing concern in the mid 1980s that acidic deposition and other pollutants were 

damaging forests.  Now incorporated into the FIA Program, the crown condition 

indicators behave as both response and predictor variables: as response variables to 

atmospheric (or other environmental) changes, and as predictor variables of tree growth 
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and mortality.  Both perspectives are equally valid; however, utilizing crown condition to 

predict tree growth and mortality is considered the superior role by some individuals.  

Unfortunately, two issues currently complicate the use of the crown condition data for 

this purpose.   

The first issue is data quality.  Schreuder and Thomas (1991) note that effective 

predictor variables are those measured with accuracy, i.e. with small (and preferably 

known) error.  From the data and analysis presented in Chapter II, it is evident that crown 

density does not meet this prerequisite.  Thus, improvements in the repeatability of crown 

density are of utmost importance if it is to be used as a predictor of tree growth and/or 

mortality.  The second issue is that of repeated measurements.  Detection monitoring is a 

relatively young program in the US, and not all states have yet established the FIA Phase 

3 plots.  Furthermore, because definitions and data collection protocols have stabilized 

only in recent years, usable repeated measurements are just now emerging from the initial 

detection monitoring plots.  As the repeated measurements are made available, modeling 

the relationship between crown condition and tree growth and/or mortality should begin.   

Results of the predictive models just described will allow the crown condition 

thresholds to be adjusted so that they better reflect the crown condition levels at which 

trees are stressed to the point of biological decline.  While these productivity thresholds 

are of primary concern, Stolte et al. (1994) suggest that thresholds related to aesthetics 

also address a relevant societal value.  Aesthetic thresholds may be just as important as 

forest productivity thresholds since “the visual environment is the filter through which 

the public encounters and evaluates both forests and forestry” (Hull et al. 2000).  

Sheppard et al. (2004) report that there is a strong correlation between the aesthetic 

beauty of forest landscapes and their acceptability to the public; therefore, aesthetic 

thresholds should demarcate the levels of defoliation and dieback considered unhealthy, 

i.e. unacceptable, by the public.   

Most people have an intuitive idea of what constitutes a healthy ecosystem and 

believe they “know it when they see it;” therefore, a survey utilizing reference 

photographs of forests (or trees) with varying degrees of defoliation and dieback could 

establish thresholds delineating public perception of healthy forests.  Indeed, Sheppard et 
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al. (2004) note that studies of this type have been conducted, but still there is no widely 

understood standard for how a socially acceptable forest should appear (Hull et al. 2000).  

As a result, new studies should be initiated to examine the relationship between forest 

health and aesthetics; and to the extent possible, such studies should specifically focus on 

the FIA Phase 3 crown condition indicators.   

In closing, visual assessment of crown condition is an acceptable and relatively 

easy way to monitor forest health, though for the most part, the specific relationships 

between crown condition and tree vigor remain unidentified.  Since these relationships 

are necessary to our understanding of tree (and forest) health, future research should 

place its emphasis here.  Indeed, there is much to be gained from the continued 

assessment of the crown condition indicators.   
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A. Slash Pine
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Figure A.1. Crown density empirical distribution functions by species. (A) slash pine. (B) 
loblolly pine. (C) Virginia pine. (D) red maple. (E) sweetgum. (F) yellow-poplar. (G) 
white oak. 
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D. Red Maple
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F. Yellow-poplar
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Figure A.1. Continued. 
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G. White Oak
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Figure A.1. Continued. 
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A. Slash Pine
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B. Loblolly Pine
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C. Virginia Pine
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Figure A.2. Crown dieback empirical distribution functions by species. (A) slash pine. 
(B) loblolly pine. (C) Virginia pine. (D) red maple. (E) sweetgum. (F) yellow-poplar. (G) 
white oak. 
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D. Red Maple
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E. Sweetgum
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F. Yellow-poplar

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

-5 5 15 25 35 45 55 65 75 85 95

Crown Dieback (%)

Pr
op

or
tio

n

 
Figure A.2. Continued. 
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G. White Oak
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Figure A.2. Continued. 
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A. Slash Pine
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B. Loblolly Pine
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C. Virginia Pine
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Figure A.3. Foliage transparency empirical distribution functions by species. (A) slash 
pine. (B) loblolly pine. (C) Virginia pine. (D) red maple. (E) sweetgum (F). yellow-
poplar. (G) white oak. 
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D. Red Maple
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E. Sweetgum
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F. Yellow-poplar
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Figure A.3. Continued. 
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G. White Oak
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Figure A.3. Continued. 
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A. Subset 1
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B. Subset 2
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C. Subset 3
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Figure B.1. Crown density empirical distribution functions by loblolly pine subset. (A) 
Subset 1. (B) Subset 2. (C) Subset 3. (D) Subset 4. (E) Subset 5. (F) Subset 6.  Subset 
definitions are given in Table 4.1 (page 95). 
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D. Subset 4
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E. Subset 5
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F. Subset 6
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Figure B.1. Continued. 
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A. Subset 1
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B. Subset 2
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C. Subset 3
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Figure B.2. Crown dieback empirical distribution functions by loblolly pine subset. (A) 
Subset 1. (B) Subset 2. (C) Subset 3. (D) Subset 4. (E) Subset 5. (F) Subset 6.  Subset 
definitions are given in Table 4.1 (page 95). 
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D. Subset 4
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F. Subset 6
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Figure B.2. Continued. 
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A. Subset 1
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B. Subset 2
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C. Subset 3
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Figure B.3. Foliage transparency empirical distribution functions by loblolly pine subset. 
(A) Subset 1. (B) Subset 2. (C) Subset 3. (D) Subset 4. (E) Subset 5. (F) Subset 6.    
Subset definitions are given in Table 4.1 (page 95). 
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D. Subset 4
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E. Subset 5
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F. Subset 6
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Figure B.3. Continued. 
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A. Subset 7
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B. Subset 8
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C. Subset 9
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Figure C.1. Crown density empirical distribution functions by sweetgum subset. (A)  
Subset 7. (B) Subset 8. (C) Subset 9.  Subset definitions are given in Table 4.1 (page 95). 
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A. Subset 7
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B. Subset 8
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C. Subset 9
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Figure C.2. Crown dieback empirical distribution functions by sweetgum subset. (A)  
Subset 7. (B) Subset 8. (C) Subset 9.  Subset definitions are given in Table 4.1 (page 95). 
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C. Subset 9
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Figure C.3. Foliage transparency empirical distribution functions by sweetgum subset.  
(A)  Subset 7. (B) Subset 8. (C) Subset 9.  Subset definitions are given in Table 4.1 (page 
95). 
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