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SUMMARY 
A pilot study to assess the structure, function, and 
health of Wisconsin’s street trees was initiated in 2002. 
Almost 900 plots were established in Wisconsin’s 
urban areas. Table 1 provides an overview of plot-level 
data, population estimates, and a calculated monetary 
value for Wisconsin’s street trees. 

Wisconsin has mid-sized street trees, dominated by 
Norway maple (30 percent), green ash (15 percent), 
honey locust (8 percent), and littleleaf linden (7 
percent). Field assessments of crown dieback indicated 
robust and healthy trees in 2002. Damage was 
observed on only 16 percent of trees, and the most 
frequently observed types of damage were cracks or 
seams, open wounds, and conks on the trunk. 

The structural and functional value of Wisconsin’s 
street trees approaches $1.8 billion. Carbon storage 
and sequestration ($7.5 million), replacement value 
($1.8 billion), and pollution removal ($1.7 million/ 
year) are important assets to the citizens of Wisconsin. 

Emerging threats to Wisconsin’s street trees include 
the Asian longhorned beetle, which could impact 82 
percent of the roadside trees, emerald ash borer (20 
percent), and gypsy moth (15 percent). 

Table 1. Plot-level data, Wisconsin street trees, 
2002-2003. 

Variables Value 
Number of plots 891 
Miles of urban roadway 16,073 
Number of living trees sampled 2,865 
Average d.b.h., inches (cm) 12.8 (32.5) 
Number of trees per mile 63 
Population estimate - live 1,018,000 
Population estimate - dead 2,364 
Number of species sampled 87 
Number of genera sampled 36 
Number of families sampled 19 
Monetary (structural) value $1,771,000 
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INTRODUCTION 
Street trees grow along roadways within the public 
right-of-way. They are an important part of the 
urban forest due to their visibility to motorists and 
pedestrians, even if their numbers represent a small 
fraction of trees in urban areas. Little data are available 
that describe this resource at a large, statewide scale. 
In 2000, the Forest Service, U.S. Department of 
Agriculture, began a series of pilot studies to examine 
the structure and function of street trees throughout 
a State. Maryland and Massachusetts were the first 
two States included in the pilot (Cumming and others 
2006). In 2002, the Forest Service initiated a pilot 
study in the State of Wisconsin to sample and monitor 
street trees in urban areas throughout the State. 

Street trees, a subpopulation of the urban forest, were 
chosen for these projects because: 

▪ Their proximity to commercial districts puts them 
at high risk to invasive pests. 

▪ Their proximity to nonpoint source air pollution 
generated by cars and trucks makes them 

important for improving air quality.
 

▪ Their proximity to stormwater runoff pathways 
makes them an important component in 
stormwater management and water quality in 
urban areas. 

▪ They are the most visible element of the urban 
forest. 

▪ Their proximity to roads, sidewalks, and parking 
lot surfaces makes them a key moderator of 
temperatures. 

▪ They are frequently managed by public agencies. 

These statewide pilots are the first of their kind. In 
Wisconsin, 891 street-side plots were established 
throughout urban areas. Data were collected to 
describe the structure and characteristics of street trees 
and to estimate their functions and values statewide. 
The pilot study will establish baseline data, with 
the intent to remeasure the plots over time. These 
remeasurements will allow us to learn more about 
changes in the structure and function of the street tree 
component of the urban forest and what causes them. 

From a historical perspective, major cities in both 
Europe and the United States had incorporated trees 

into street and avenue designs by the mid-1800s 
(Lawrence 1997). Pests and diseases, such as gypsy 
moth, brown-tail moth, chestnut blight, and Dutch elm 
disease, necessitated a systematic approach to care for 
public street trees, although the management focus was 
still the individual tree (Koch 2000). 

Although modern arboriculture has been used to 
manage street trees in the United States since the 
1960s, few studies have looked beyond municipal 
boundaries to assess street tree health. Several studies 
have chosen multiple cities for comparisons, e.g., 
inventories (Bassett and Lawrence 1975), street 
tree policies (Hager and others 1980), pruning and 
removal needs (Nowak 1990), and cost-benefit 
analysis (McPherson and others 2005). Only a handful 
of studies have looked at changes over time. For 
example, Nowak and others (2004) made projections 
about the urban tree population (street trees plus other 
land uses) and mortality in Baltimore, MD, via 2 years 
of sampling; and Dawson and Khawaja (1985) looked 
at changes in species composition in two Urbana, IL, 
neighborhoods over 50 years. Roman (2006) provided 
an overview of street tree mortality studies and 
concluded that statistically analyzed and scientifically 
reported data related to street tree longevity, mortality, 
and causes of death and disease are lacking. The intent 
of this series of pilot studies was to test the methods 
and implementation of a large-scale street tree study, 
establish baseline data, and illustrate the types of data 
analyses and uses. 

METHODS 
The protocols used to sample street trees in Wisconsin 
were based upon methods developed and used in 
Maryland and Massachusetts (Cumming and others 
2001, 2006). In general, all roadways within U.S. 
Census Bureau-defined urban areas were considered 
the statistical “population” to be sampled. Census data 
from 1990 (U.S. Census Bureau 2008a) were used to 
develop boundaries of urban areas (figure 1). An urban 
area was defined as the area occupied by the union 
of three Census-defined designations: (1) urbanized 
area – has a population of 50,000 or more and a 
minimum of 384 people per square kilometer, (2) place 
– contains some urbanized areas within its boundary, 
and (3) urban place – has at least 2,500 people located 
outside an urbanized area (Dwyer and others 2000). 
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Regions and 
Urban Areas 
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Figure 1. Regions and urban areas of Wisconsin, 1990. 

Segments of road (U.S. Census Bureau 2008b) were 
randomly chosen and plots were located in the 
right-of-way along both sides of the road. The subplot 
configuration was used to parallel the subplot system 
used by the Forest Inventory and Analysis (FIA) 
and Forest Health Monitoring (FHM) Programs, and 
consisted of four 1/24-acre (0.016 ha) subplots for 
a total of one 1/6-acre (0.06 ha) plot. Unlike FIA 
sampling, where plots are located on all owner and 
land use types, the street tree samples are located 
within the public domain and do not require prior 
property owner permission. Each subplot was 181.5 
feet (55.32 m) long, 10 feet (3.05 m) wide, and had 
a random starting location. Crews were trained to 
accommodate cul-de-sacs, dead-end roadways, and 
roadways with median strips. While not permanently 
set with a monument marker, plot locations were 
identified by distance and azimuth to landmarks. 

The statewide sample for Wisconsin consisted of 891 
plots, a triple intensification of designs used previously 
in Maryland and Massachusetts. The plots were 
installed and sampled during the summers of 2002 and 
2003. Summer field work was necessitated by the need 
for in-leaf crown evaluations. 

DATA COLLECTION 
All trees 1 inch (2.54 cm) in diameter at breast height 
(d.b.h.) and greater were tallied. Data included tree 
species, diameter, height, crown conditions, and 
occurrence of damage. Ground cover was estimated. 
Tree conflicts with sidewalks or overhead electric 
utilities were recorded. 

Tree condition was evaluated using protocols 
established by the National Forest Health Monitoring 
Program (U.S. Department of Agriculture, Forest 
Service 1998). Tree crowns were assessed along with 
any damage visible on the tree. Crown condition was 
described by measuring dieback, transparency, and 
density. Damage signs and symptoms were prioritized 
and recorded based on location in the following order: 
roots, lower bole, upper bole, crown stem, branches, 
buds and shoots, and foliage. 

Plot Density and Intensification 
To evaluate various design alternatives that could 
be used in future surveys by reducing the sampling 
intensity either at the plot and/or subplot level, a 
“bootstrap simulation” was carried out using the 
current survey data (similar to Manly 1992). Three 
plot intensity levels (3×=890 plots, 2×=600 plots, 
and 1×=300 plots) were considered, as well as three 
subplot measurement possibilities (4, 2, or 1 subplots 
per plot). 

For standard errors within 10 percent of the estimate, 
results of the “bootstrap simulation” indicate that size 
of the population, diameters, crown width, and tree 
heights can all be estimated with 1× (300 plots) and 1 
subplot per plot. Estimates of the number of species, 
however, vary dramatically among the sampling 
intensities from an estimated 73 species (66-79, 95 
percent confidence interval) at the 3×, four-subplot 
intensity to an estimated 30 species (22-38, 95 percent 
confidence interval) at the 1×, one-subplot intensity.  
This dramatic change in the estimated number of 
species across the sampling intensities is most likely 
due to the large number of single species occurring 
within the sample. Therefore, to quantify the street 
tree population in basic mensurational terms, the 1× 
(300 plots) with 1 subplot appears to be sufficient, 
while characterizing the population in terms of 
composition requires the 3×, four subplot-sampling 
frame. Appendix A contains further details of the 
“bootstrap simulation.” 
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LAND USE 
Each plot was given a land use designation. Land 
use definitions were based on Anderson and others 
(1976/2001). Residential lands were characterized by 
single and multifamily housing units predominating 
around the plot location. Anderson describes 
residential areas as having relatively uniform size and 
spacing of structures, linear driveways, and lawn areas, 
as compared to commercial zones where buildings are 
more likely to be of different sizes and lots have larger 
driveways and parking areas. Industrial areas were 
designated as areas where an array of manufacturing 
activities would occur and characteristically have large 
buildings, parking lots, and shipping facilities. Raw 
materials may or may not be stored on site based on 
the type of manufacturing or industry. Land uses not 
identified in the above descriptions were considered 
“other.” 

Plots were characterized by one of these four land 
uses and by the ownership of the road (municipal, 
county, State, or Federal). Over 90 percent of the 
trees sampled were in a residential land use and on a 
municipal road (table 2). Appendix B lists the 10 most 
frequent species by land use. 

Since plots were placed in areas defined as urban, 
based on human population, the distribution of plots 
throughout the State followed that pattern. Most plots 
were in the southeast and west-central areas of the 
State (table 3), and over 85 percent of the sampled 
trees were in three regions (southeast, west central, and 
south central; figure 1). 

RESULTS 
Based on the 1990 U.S. Census Bureau’s urban 
definition, there were 16,073 miles of roadway in 
urban areas. Almost half of the plots (435) had trees, 
and a total of 2,865 live trees were sampled. The 
estimated urban street tree population for the whole 
State of Wisconsin was calculated to be 1,018,000 
and was based on the average area of the right-of-way 
along urban roads. An estimated 934,000 of these trees 
occur in residential areas. See appendix C for a list of 
all species sampled, their estimated population, and 
mean height, d.b.h., and dieback. 

Table 2. Number of plots and live trees by road ownership and land use, Wisconsin, 2002-2003. 

Road Residential Commercial Industrial Other Total 

ownership Plots Trees Plots Trees Plots Trees Plots Trees Plots Trees 

Federal 1 0 8 8 0 0 0 0 9 8 
State 4 4 12 16 1 0 3 1 20 21 
County 10 0 5 2 0 0 0 0 15 2 
Municipal 706 2,623 102 122 25 45 8 27 841 2,817 
N/Aa 0 0 0 0 0 0 6 17 6 17 
Total 721 2,627 127 148 26 45 17 45 891 2,865 

a N/A: Plots where land use or road type were not available 

Table 3. Number of street tree plots per region in Wisconsin, 2002-2003. 
Region Plots Percent of plots Trees sampled 
Northeast 146 16.4 349 
Northern 47 5.3 65 
South Central 157 17.6 570 
Southeast 330 37.0 1,351 
West Central 211 23.7 530 
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GROUND COVER 
The average right-of-way width encountered on the 
plots was 13.5 feet (4.1 m), ranging from 0 to more 
than 100 feet (30.5 m). Over 35 percent of plot areas 
were covered with an impervious material, such as 
asphalt or concrete, which does not allow water to 
percolate into the soil. The remaining area of the 
plots was mostly vegetation (grass, herbs, or trees) or 
bare soil. Tree cover on the plots was approximately 
24 percent (table 4). Thirty-one percent of the plots 
sampled were influenced by shade from trees that were 
not in, but directly adjacent to, the plot. 

population is most dependent upon age (size) diversity, 
and inadequate tree replacement is a greater threat 
to future street tree population stability than is low 
species diversity (Richards 1983). The urban street 
trees in Wisconsin averaged 12.8 inches (32.5 cm) 
d.b.h. and would be considered well-established, “mid­
sized” trees. Managers will be contending with many 
mature trees within the next 10 to 20 years, depending 
on species and site characteristics. Figure 2 shows the 
d.b.h. distribution within the 10 most common species. 

Table 4. Extent of ground cover, Wisconsin street tree 
plots, 2002-2003.STRUCTURE AND COMPOSITION 

Tree Size 
Tree size, often considered a proxy for age, is a 
useful metric for street tree managers. Because 
street trees are within the public right-of-way, proper 
management of these trees, especially large and mature 
trees, is essential to public safety. A stable street tree 

Ground cover Mean 
(percent) 

Standard 
error 

Impervious materials 35.5 0.9 
Vegetation 60.4 0.9 
Bare soil 4.1 0.3 
Tree cover 23.7 1.2 

All Trees 

Norway Maple 

Green Ash 

Honeylocust 
D.b .h. class 
inches (cm) 

Litt leleaf Linden 
1-5 (2.5 - 12.7) 
5-10 (12.8-25.4) 

Silver Maple 10-20 (25.5-50.8) 
>20 (50.9) 

White Ash 

Sugar Maple 

Crabapple 

Rock Elm 

Red Maple 

Sp
ec

ie
s 

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 

Popu lation 

Figure 2. Diameter distribution within the 10 most common species, Wisconsin street trees, 2002-2003. 
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Species Frequency 
The sampled street tree population consists of 88 
species —87 identified species and an unknown 
category with four unidentified trees (table 5). This 
is considerably more than the mean of 53 species 
reported by McPherson and Rowntree (1989) in their 
nationwide survey of street tree populations in 22 U.S. 
cities. From an ecological perspective, a common 
perception is that species diversity contributes to 
the stability of the overall population (Odum 1971). 
Richards (1983) defines stability in a street tree 
population as a low probability that the number of 
functional trees will decline over the foreseeable 
future, to the extent that any decline disrupts the value 
of the street tree population. Another confounding 
aspect of street tree diversity is that in an attempt to 
increase diversity, a variety of species may be planted, 
some of which may not be as adaptable to the stressed 
environment of the streetscape. By not considering 
species requirements together with site conditions, 
there is an increased likelihood of premature tree 
decline or death (Richards 1983). 

Diversity of the street tree population can be described 
based upon the number of species (richness) and the 
relative abundance of each species (evenness). The 
street tree population would be considered highly 
diverse if many near-equally abundant species are 
present. While we sampled 88 different species (high 
species richness), two dominated—Acer platanoides 
(Norway maple) and Fraxinus pennsylvanica (green 

ash)—representing 46 percent of the trees (uneven 
abundance). Thus, the Wisconsin street tree population 
cannot be considered to have high diversity and 
consequently is more susceptible to catastrophic 
impacts such as the damaging effects of a pest. Raupp 
and others (2006) discuss the catastrophic impacts 
of Dutch elm disease as a result of the heavy use 
of elm as a street tree. It is difficult, however, to 
predict the likelihood of an exotic pest introduction. 
It may be more costly, in the long term, to replace 
species well adapted to the streetscape with unproven 
species (Richards 1983). Nevertheless, Wisconsin 
street tree populations are at risk from the introduced 
emerald ash borer (at this writing in Illinois, Indiana, 
Maryland, Michigan, Missouri, Ohio, Pennsylvania, 
Virginia, West Virginia, and Wisconsin) and the Asian 
longhorned beetle (Massachusetts, New York, New 
Jersey, and believed eradicated in Illinois). 

Genera and Family Frequency 
Acer was the most common genus, representing 43.7 
percent of all trees sampled. Fraxinus and Gleditsia 
comprised 19.7 and 8.4 percent of the sample, 
respectively. The 10 most frequently occurring genera 
represented 93.5 percent of all trees (table 6). At 
the family level, Aceraceae was the most common. 
Oleaceae and Fagaceae were the other families that 
contained more than 10 percent of trees sampled. A 
total of 19 different families were represented.  The 10 
most common plant families represented 98.0 percent 
of all trees sampled (table 7). 

Table 5. Species Composition – Percentages of the 10 most frequent species along urban roadways in Wisconsin, 
2002 – 2003. 

Species Common name Percent of sample Cumulative (%) 

Acer platanoides Norway maple 30.5 30.5 
Fraxinus pennsylvanica Green ash 15.2 45.7 
Gleditsia triacanthos Honeylocust 8.4 54.1 
Tilia cordata Littleleaf linden 6.6 60.7 
Acer saccharinum Silver maple 6.3 67.0 
Fraxinus americana White ash 3.9 70.9 
Acer saccharum Sugar maple 3.7 74.6 
Malus sp. Crabapple 3.2 77.8 
Ulmus thomasii Rock elm 2.3 80.1 
Acer rubrum Red maple 2.1 82.2 
All other (78 species) 17.8 100.0 
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Santamour (1990) recommended that urban forests 
could be protected from pest outbreaks if no more 
than 10 percent of a single species, 20 percent of a 
single genus, or 30 percent of a single family were 
represented. The “10-20-30 percent rule” relates 
specifically to the possibility of a pest outbreak 
including exotic pests (Santamour 1990). Recognizing 
that some insects and diseases have more than one host 
species within a genus or family, Santamour includes 
limits on genus and family representation in his guide. 

Ball and others (2007) characterized street tree 
populations in several South Dakota communities as 
having high, medium, or low stability based on the 
genera composition. Street tree populations that were 
considered highly stable had genera that were no more 
than 10 percent of the fully stocked population. When 
Ball and others’s methods are applied to Wisconsin 
street trees, we found that the urban roads were 60 
percent stocked and that the stability of the population, 
based on genera, would be rated as “low.” The “low” 
rating is a result of the heavy representation of Acer 
and Fraxinus. Low stability can be described in two 
ways: (1) as at least two genera each comprising 
more than 10 percent of the fully stocked street tree 
population or (2) as a single genus comprising more 
than 25 percent (Ball and others 2007). Based on full 
stocking (50-foot stem spacing), Acer represented 
25.3 percent and Fraxinus 11 percent of the estimated 
population. 

The Wisconsin street tree population exceeds 
Santamour’s guide and earned a “low” rating based on 
the methods of Ball and others (2007). With 20 percent 
of the population at serious risk to emerald ash borer 
infestation and destruction, and another 43 percent 
of the population consisting of just one genus (Acer), 
future plantings and management should include 
species other than ash or maple. 

POTENTIAL ECONOMIC IMPACTS 
OF PESTS 
Based on its species distribution, the Wisconsin urban 
forest is at risk from several pests that could impact its 
health and sustainability (table 8). The impacts of three 
exotic pests and one disease—Asian longhorned beetle 
(Anoplophora glabripennis), gypsy moth (Lymantria 
dispar), emerald ash borer (Agrilus planipennis), and 
Dutch elm disease (Ophiostoma novo-ulmi)—were 
analyzed using the UFORE Model (Nowak and Crane 
2000). 

Table 6. Genera Frequency – Frequency (percent) of 
10 most common genera of all trees sampled on urban 
streets of Wisconsin, 2002 - 2003. 

Genus Total (%) Cumulative (%) 
Acer 43.7 43.7 
Fraxinus 19.7 63.4 
Gleditsia 8.4 71.8 
Tilia 7.3 79.1 
Ulmus 5.3 84.4 
Malus 3.2 87.6 
Quercus 2.6 90.2 
Celtis 1.2 91.4 
Populus 1.1 92.5 
Prunus 1.0 93.5 
Other 25 genera 6.5 100 

Table 7. Family Frequency – Frequency (percent) of 
plant family of all trees sampled, Wisconsin, 2002-
2003. 

Family Total (%) Cumulative % 
Aceraceae 43.7 43.7 
Oleaceae 19.7 63.4 
Fagaceae 11.2 74.6 
Tiliaceae 7.3 82.0 
Ulmaceae 6.5 88.5 
Rosaceae 4.9 93.4 
Betulaceae 1.9 95.3 
Pinaceae 1.6 96.9 
Juglandaceae 0.7 97.6 
Cupressaceae 0.4 98.0 
Other nine 
families 2.0 100.0 
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Table 8. Pest Risk to Urban Roadside Trees – Monetary structural replacement value ($US) and percent of total 
population of host tree species at risk to a disease and three important insect pests: Dutch elm disease, Asian 
longhorned beetle, emerald ash borer, and gypsy moth, Wisconsin 2002-2003. 

Pest or disease Replacement value of host trees 
(million $US) 

Percent of urban street trees 
in Wisconsin 

Asian longhorned beetle 1,512 82.1 
Emerald ash borer 338 19.5 
Gypsy moth 227 15.0 
Dutch elm disease 111 4.0 

The Asian longhorned beetle (ALB) kills a wide range 
of hardwood species (U.S. Department of Agriculture, 
Forest Service 2002). The risk to Wisconsin’s urban 
forest from ALB is a loss of $1.5 billion in structural 
value (replacement value) or 82.1 percent of all 
urban street trees in the State. The gypsy moth is a 
defoliator that feeds on a wide variety of tree species 
and can cause widespread defoliation and tree death 
if outbreaks last several years (Liebhold 2003). This 
pest already exists in the eastern region of the State, 
and the risk from gypsy moth damage is a loss of 
$227 million in replacement value (15 percent of the 
urban forest population). The emerald ash borer can 
kill many species of ash trees and has been detected in 
Illinois, Indiana, Maryland, Michigan, Missouri, Ohio, 
Pennsylvania, Virginia, West Virginia, Wisconsin, and 
Ontario, Canada (Michigan State University 2007). 
The potential urban risk from this borer in Wisconsin 
is $338 million or 19.5 percent of the urban forest 
tree population. Dutch elm disease, a problem in 
Wisconsin since at least 1957, has caused the death 
and removal of thousands of American elms. Madison, 
WI, alone lost 36,000 elms between 1957 and 1996. 
The disease spreads through root grafts (making 
streets lined with elm highly vulnerable) and by the 
native elm bark beetle. Elms comprise 4 percent of the 
Wisconsin streetscape. 

UTILITY AND SIDEWALK CONFLICTS 
Overhead utility wires and sidewalks are unique site 
features that affect the growth and success of street 
trees. Electric utilities and municipalities spend 
significant time and money to manage trees or repair 
damage caused by trees. For example, We Energies, 
serving an area over 23,000 square miles (59,565 km2) 
with electric and gas in Wisconsin and Michigan’s 
Upper Peninsula, spent approximately $22 million in 

2008 to trim trees adjacent to electric utilities (Saul 
Lopez, We Energies, Personal Communication, May 
29, 2008). Fourteen percent of urban street trees in 
Wisconsin had conflicts with overhead wires. Trees 
in commercial districts and in the northern and south-
central regions had above-average occurrences. 
Sidewalks were less problematic, with only about 3 
percent of trees affecting hardscape material (table 9). 

Table 9. Utility Conflicts with Urban Roadside 
Trees – Percent of trees with utility conflicts (overhead 
wires and sidewalks), Wisconsin, 2002-2003. 

Category 
Wire  
conflict 

(%) 

Sidewalk 
conflict 

(%) 
All Trees 14.0 3.1 
Commercial 10.1 0.0 
Industrial 31.1 0.0 
Residential 14.2 3.5 
Northeast Region 13.2 2.9 
Northern Region 26.1 0.0 
South Central Region 26.1 1.8 
Southeast Region 10.3 4.7 
West Central Region 10.6 1.3 
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URBAN FOREST HEALTH 

CROWN INDICATORS 
OF FOREST HEALTH 
Crown dieback and density can be used as indicators 
of tree health. Large, dense crowns are often indicative 
of vigorously growing trees, while small, sparsely 
foliated crowns with little or no growth are possibly 
declining. Two measurements of crown health were 
used to estimate tree condition: dieback and density. 

Crown dieback is defined as recent mortality of small 
branches and twigs in the upper and outer portion of 
the tree crown. Trees with crown dieback greater than 
25 percent may be in decline, for both hardwoods 
and conifers. Further, hardwoods with more than 30 
percent dieback and softwoods with more than 25 
percent dieback are most likely to die within 1 year 
(Steinman 1998). 

Norway Maple 

Green Ash 

Honeylocust 

Littleleaf Linden 

Silver Maple 

White Ash 

Sugar Maple 

Crabapple 

Rock Elm 

Red Maple 

Sp
ec

ie
s 

Crown density is an estimate of the crown condition of 
each tree relative to its potential and is determined by 
observing the percentage of light blocked by branches 
and foliage. Reduced crown density reflects gaps in 
the crown that may have been caused by declining tree 
health. Density estimates that are less than 30 percent 
for both hardwoods and conifers generally indicate 
that a tree is in poor health (Steinman 1998). 

Average crown results for dieback and density for all 
trees in the survey are shown in table 10. Seventy-
three percent of all live trees in the survey had less 
than 5 percent crown dieback. Of trees with observable 
dieback, only about 2 percent exceeded the thresholds 
of concern. Species with the highest average dieback 
include Quercus ellipsoides (6 percent), Ulmus 
americana (5 percent), and Q. velutina (1.6 percent). 
About 1 percent of the observed ash had dieback that 
exceeded thresholds of concern (i.e., greater than 25 
percent; figure 3). Results indicate that crown densities 
are well above critical thresholds, with 98 percent 
of all live trees having crown densities above the 
thresholds defined by Steinman (1998). 

Condition Class 
(Percent Dieback) 

Excellent (<1%) 
Good (1 - 10%) 
Fair (11 - 25%) 
Poor (26 - 50%) 
Critical (51 - 75%) 
Dying (76 - 99%) 
Dead (100%) 

0% 20% 40% 60% 80% 100% 

Percent of population 

Figure 3. Dieback condition class for the 10 most common species, Wisconsin street trees, 2002- 2003. 
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Table 10. Crown Measurements – Wisconsin street 
trees, 2002 – 2003. 

Crown measure Average Standard 
error 

Crown diameter 25.22 ft (7.7 m) 0.6 
Crown dieback 2.51% a 0.2 
Crown density 73.3% b 0.9 

a Crown dieback values less than 25 percent indicate 
good health 

b Crown density values greater than 30 percent indicate 
good health 

DAMAGE INDICATORS OF                  
FOREST HEALTH 
Signs of damage were recorded for all trees 1 inch 
(2.54 cm) d.b.h. and greater and were recorded based 
upon the location of the damage. Damage at the root 
level or tree bole can be more significant in terms of 
tree health, as compared with damage in branches or 
the upper bole. Some of the damage indicators had 
thresholds below which damage was not recorded; 
these are detailed in the Forest Health Monitoring 
Methods Guide (U.S. Department of Agriculture, 
Forest Service 1998). 

Signs of damage used in this assessment included 
these: 

• Cankers and galls – may be caused by various 
agents, but most commonly fungi. 

• Conks – fruiting bodies of fungi that are often 
signs of hidden decay. 

• Open wounds – areas where the bark has been 
removed and the inner wood is exposed to decay. 

• Resinosis – resin or sap exuding from the tree bole 
or branches. 

• Cracks and seams – separations of the bark caused 
by wounds, such as lightning strikes. 

• Broken bole or roots – breaks, or other physical 
damage, that may indicate hidden decay. 

• Brooms on roots or bole – clustering of foliage 
about a common point that may indicate the 
presence of disease. 

• Vines in the crown – vines, such as ivy or grape, 
that can reduce tree foliage and damage twigs and 
branches. 

• Loss of apical dominance – death of a tree’s main 
terminal caused by insects, disease, or frost. 

• Broken or dead branches – may indicate long-term 
tree decline problems due to disease or insect 
defoliation over several years. 

• Excessive branching or brooms within the 
crown – exaggerated branching or clustering of 
twigs, branches, or both, possibly resulting from 
disease or environmental changes. 

• Damaged buds, foliage, or shoots – damage is most 
commonly due to insect feeding or the presence 
of disease, but can also be caused by frost or the 
misapplication of chemicals. 

• Discoloration of foliage – color change may be 
indicative of general tree decline resulting from 
disease or environmental problems. 

Up to three sites of damage could be recorded for each 
tree. They were recorded in order, starting at the base 
of the tree, as Damage 1, 2, and 3. “Damage 1” was 
usually considered the most potentially threatening 
to the tree. Table 11 shows the frequency of observed 
damage for all live trees. While 84 percent of all live 
trees had no observed damage, the predominant types 
of damage in the remaining 16 percent were cracks 
and seams, open wounds, and conks. Of the 467 trees 
with one site of damage, 54 had a second site that was 

Table 11. Types of Tree Damage – Most common 
damage types found on Wisconsin’s urban street trees, 
2002-2003. 

Types of damage 
Live trees 

with damage 
(percent) 

Cracks and seams 5.7 
Open wounds 4.7 
Signs of advanced decay, conks 3.7 
Damaged buds, foliage, or shoots 0.4 
Canker, gall 0.3 
Resinosis or gummosis 0.2 
Vines in crown 0.2 
Loss of apical dominance 0.2 
Broken or dead branches 0.2 
Other 0.4 
Total 16.0 
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predominantly cracks and seams, and conks. Of the 54 
trees with two sites of damage, 5 had a third damage 
observed (predominantly conks). Cracks and seams, 
open wounds, and conks comprise 88 percent of all 
damage recorded. 

Cracks and seams are defined as separations along the 
radial plane of a tree’s stem or trunk.  When cracks 
extend to the bark, they are sometimes called frost 
cracks. Although cracks are not initiated by frost or 
freezing temperatures, frost can be a major factor in 
their continued development. Cracks are most often 
caused by basal wounds or sprout stubs and expand 
when temperatures drop rapidly.  Sinclair and Lyon 
(2005) describe how “woundwood” (a callus-derived 
tissue that forms at the edge of a wound and eventually 
covers it) forms along cracks and may develop into 
external seams. Trunk cracks have also been reported 
to be caused by the force of the wind on the tree crown 
(Sinclair and Lyon 2005). 

Open wounds can result from human-caused 
mechanical injury such as vandalism, improper 
pruning, lawnmowers, or vehicles and lead to fungal 
infection and wood decay. Conks, the fruiting bodies 
of fungi, are indications of decay present within the 
wood. Table 12 shows the 10 most common tree 
species, observed damage to those species, and the 
most common types of damage recorded as Damage 
1 and Damage 2. Norway, red, and sugar maple have 
the highest incidence of damage, and within those 
species, cracks and seams, open wounds, and conks 
predominate. The reason for the abundant frequency 
of cracks and seams in Wisconsin’s street tree 
population, particularly on Norway maple, is unknown 
and should be investigated. The occurrence of cracks 
in tree trunks has been documented previously for 
sugar maple (Burns and Honkala 1990), Norway 
maple (Gilman and Watson 1993, Bartlett Tree 
Research Laboratory 1999) and others (Sinclair and 

Table 12. Tree Damage by Species – Ten most common species and frequency of damage, Wisconsin street trees, 
2002-2003. 

Species Common name 

Damage 
Frequency Types 

Percent 
Damaged/ 

Total sampled 
Damage 1 Damage 2 

Acer platanoides Norway maple 29 258/877 Cracks and 
seams Cracks and seams 

Acer rubrum Red maple 23 14/61 Conks 
Conks 

Cracks and seams 

Acer saccharum Sugar maple 22 23/106 Conks 
Open wounds 

Cracks and seams 

Acer saccharinum Silver maple 16 28/179 Open wounds 
Open wounds 

Cracks and seams 

Fraxinus 
pennsylvanica Green ash 12 46/434 Open wounds 

Conks 
Open wounds 
Cracks and seams 

Ulmus thomasii Rock elm 10 7/67 Open wounds None 

Tilia cordata Littleleaf linden 8 16/189 Conks, Cracks 
and seams 

Conks 
Cracks and seams 

Fraxinus 
americana White ash 7 9/122 Conks None 

Malus sp. Crabapple 6 5/90 Conks Open wounds 
Gleditsia 
triacanthos Honeylocust 3 8/242 Cracks and 

seams None 
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Lyon 2005). Cracks can lead to decay with visible 
symptoms such as conks. The observed conks, though 
not identified as part of this survey, could be caused 
by white trunk rot fungi, such as Phellinus igniarius, 
which is common to hardwoods. Sugar and red maple 
are particularly susceptible. Conks, such as those 
caused by P. igniarius, are usually associated with 
advanced decay that weakens the tree. Open wounds, 
like those recorded on silver maple and rock elm, can 
lead to white trunk rot infections. 

BENEFITS OF WISCONSIN’S 
URBAN STREET TREES 
Urban street trees provide a variety of benefits that 
contribute to improved air and water quality, and 
aesthetics, as well as human quality of life to those 
who live, work, and travel in urban areas. Data 
collected from the urban street trees in Wisconsin 
were analyzed using the Urban Forest Effects Model 
(UFORE, Nowak and Crane 2000) and benefits from 
these trees were quantitatively described in terms of 
structural and functional values. Structural value is the 
cost associated with replacing a tree with another of 
similar size, while functional value is an expression 
of the services a tree provides to the environment, 
such as the amount of carbon removed from the 
atmosphere and stored by trees and the value of air 
quality improvement due to pollutant removal by trees. 
Table 13 shows the benefits provided by Wisconsin’s 
street trees expressed in US dollars. These values tend 
to increase with increased size and numbers of healthy 
trees. 

STRUCTURAL VALUE 
Urban forests have a structural value based on the 
tree resource itself (e.g., the cost of having to replace 
the tree with a similar tree). In North America, 
the most widely used method for estimating the 
compensatory or structural value of trees was 
developed by the Council of Tree and Landscape 
Appraisers (CTLA 2000). Compensatory values 
represent compensation to owners for the loss of an 
individual tree. Compensatory values can be used for 
estimating compensation for tree losses, justifying 
and managing resources, and/or setting policies 
related to the management of urban trees. CTLA 

compensatory value calculations are based on tree and 
site characteristics, specifically: tree trunk area (cross-
sectional area at 1.37 m above the ground), species, 
condition, and location. 

CARBON SEQUESTRATION AND 
STORAGE 
Trees capture atmospheric carbon in the form of 
carbon dioxide through the process of photosynthesis. 
The tree uses the products of photosynthesis for 
structural and physiological purposes, i.e., wood, 
leaves, fruit, roots, and the energy to support them. 
The term carbon sequestration, as used in this study, 
refers to the annual removal of carbon from the 
environment by trees. Similarly, carbon storage is the 
amount or weight of carbon currently accumulated by 
urban street trees. 

Trees occurring along urban roadways in Wisconsin 
had stored 325,000 metric tons (t) of carbon, with a 
sequestration rate of 9,500 t per year in 2002. Using 
a carbon cost per metric ton based on the estimated 
marginal social costs of carbon dioxide emissions 
(Fankhauser 1994), the value of carbon stored exceeds 
$7 million. 

AIR QUALITY IMPROVEMENT 
Poor air quality is a common problem in urban areas 
and leads to human health problems, ecosystem 
damage, and reduced visibility. The urban forest 
can improve air quality by reducing ambient air 
temperatures, removing pollutants directly from the 
air, and reducing energy use in buildings. Trees emit 
volatile organic compounds (VOCs), however, that 
can contribute to ground-level ozone formation. Yet, 
integrated studies have revealed that increasing tree 
cover will ultimately reduce ozone formation (Nowak 
and others 2000). 

The amount and rate of pollution removed by 
Wisconsin’s street trees was estimated using hourly 
pollution data from all the monitors in the State and 
weather data (Milwaukee) from the year 2000. Based 
on these inputs, the UFORE Model estimated that the 
street trees in Wisconsin remove about 297 metric tons 
of pollution per year, with an associated annual value 
of about $1.7 million (table 14). 
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Table 13. Value and extent of Wisconsin’s urban street trees. 
Benefit Value (Million $US) Extent 
Structural / rreplacement costs $1,771.0 1,018,000 street trees 
Carbon storage (metric tons, t) $7.3 325,000 
Carbon sequestration (t/yr) $0.2 9,500 
Pollution removal (t/yr) $1.7 300 

Table 14. Amount (metric tons) and value of pollution removed annually by Wisconsin’s urban street trees, 
2002-2003. 

Pollutant 
Amount removed by    

Wisconsin’s urban street 
trees (t/yr) 

Value of removal 

Ozone 160.34 $1,082,610 
Particulate matter less than 10 microns (PM10) 72.20 $325,499 
Nitrogen dioxide (NO2) 35.63 $240,590 
Sulfur dioxide (SO2) 25.22 $41,695 
Carbon monoxide (CO) 3.29 $3,152 
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APPENDIX A 

PLOT DENSITY AND INTENSIFICATION 
A statistical analysis to evaluate various design 
alternatives was completed using the triple-intensity 
Wisconsin street tree data collected in this study. 
The analysis considered the original survey data as 
the population being sampled. This population was 
sampled with replacement 999 times for a total of 
1,000 (the original plus the 999 new datasets) “pilot” 
studies from which designs were evaluated, with 
each design following the sampling procedure that 
would be hypothetically used in a future survey.  Nine 
design combinations were evaluated, based on the 
sampling intensity at the plot level (3×=890 plots, 
2×=600 plots, and 1×=300 plots) and the sampling 
at the subplot level (four, two, or one subplots per 
plot). For each design the randomly selected plots 
(without replacement) were selected using SAS’s 
SURVEYSELECT procedure (SAS Institute 2004) 
and, for designs with fewer subplots, were followed 
with a random selection of subplots. The designs 
with two subplots restricted the random selection to a 
pair of matching subplots (one each from each side of 
the road). 

The survey statistics were obtained using SAS’s 
SURVEYFREQ and SURVEYMEANS procedures 
(SAS Institute 2004). Table A-1 summarizes the 
results. The first column of data are from the observed 
results (obtained from slightly different methods 
than the main text to simplify simulation evaluations 
in SAS, but not invalidate results). The second and 
remaining columns are means of the variables of 
interest, the standard errors, and the percent standard 
error from the bootstrap simulation. The numbers in 
the parentheses are the 95 percent bootstrap confidence 
interval for the percent standard error obtained 
from the 2.5th and 97.5th percentiles of the simulated 
surveys. No adjustments for bias were made for these 
estimates or the intervals (this has the most obvious 
problem for the estimate of number of species in the 3 
by 4 design). 
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Table A-1. Plot density and intensification. 

Variable of interest 

Observed 
results 

Survey estimate 

SE 

SE% 

No. trees (nt) 

Simulated results by intensity level 

(variable mean, SE, SE%, and 
95% confidence interval in parentheses)b 

Number of plots 3x 3x 3x 2x 2x 2x 1x 1x 1x 

Number of subplots 4 2 1 4 2 1 4 2 1 
Number of speciesa 88 73 63 49 65 55 42 52 41 30 

(%SE 2.5th and (66, (55, (41, (58, (47, (34, (43, (34, (22, 

97.5th percentile) 79) 70) 57) 72) 63) 50) 60) 49) 38) 
1.016 1.013 1.014 1.014 1.016 1.013 1.012 1.016 1.014 1.013 

Size of population 
0.034 0.034 0.033 0.036 0.042 0.040 0.044 0.059 0.057 0.062 

of live trees 3.38% 3.38% 3.26% 3.55% 4.12% 3.98% 4.32% 5.83% 5.62% 6.07% 
(millions) 

nt=2,865 (3.09, (2.97, (2.87, (3.73, (3.56, (3.41, (5.07, (4.82, (4.52, 

3.66) 3.57) 4.42) 4.55) 4.48) 5.70) 6.72) 6.61) 8.80) 
12.79 12.80 12.80 12.79 12.79 12.79 12.79 12.80 12.80 12.80 

D.b.h. 
0.31 0.31 0.34 0.44 0.38 0.42 0.54 0.53 0.58 0.75 

(all trees) 
2.42% 2.41% 2.67% 3.48% 2.94% 3.25% 4.24% 4.14% 4.57% 5.90% 

nt=2,874 (2.06, (2.28, (2.84, (2.47, (2.69, (3.38, (3.21, (3.58, (4.44, 

2.80) 3.12) 4.34) 3.56) 3.95) 5.58) 5.42) 5.86) 8.56) 
25.69 25.70 25.71 25.69 25.68 25.69 25.72 25.70 25.71 25.71 

Crown 
0.54 0.54 0.59 0.76 0.65 0.72 0.93 0.91 1.01 1.29 

(domain=live) 
2.09% 2.09% 2.30% 2.98% 2.54% 2.80% 3.63% 3.57% 3.94% 5.07% 

nt=2,865 (1.77, (1.96, (2.38, (2.11, (2.30, (2.82, (2.76, (3.06, (3.61, 

2.44) 2.69) 3.74) 3.08) 3.40) 4.82) 4.64) 5.11) 7.38) 
34.08 34.07 34.08 34.06 34.05 34.05 34.05 34.06 34.04 34.09 

Height 
0.59 0.59 0.65 0.82 0.71 0.79 1.00 1.01 1.11 1.40 

(domain=live) 
1.72% 1.72% 1.89% 2.40% 2.10% 2.31% 2.93% 2.96% 3.27% 4.10% 

nt=2,865 (1.55, (1.69, (2.07, (1.86, (2.01, (2.44, (2.48, (2.70, (3.22, 

1.89) 2.13) 2.84) 2.36) 2.68) 3.58) 3.50) 3.98) 5.39) 
a Includes an “Unknown” category 
b Number of species includes variable mean and 95% confidence interval only 
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