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Abstract

Numerous threats to urban forests are assessed for the conterminous United States, including 
projected changes in urban tree cover, air temperatures, precipitation, aridity, sea level rise, wild-
fires, and flooding, as well as threats from hurricanes, tornadoes, ice storms, and insects and dis-
eases. All potential threats were integrated into a cumulative threat index to illustrate which areas 
of the United States will likely face the greatest overall threat to their urban forests. Urban forests 
with the greatest cumulative threat per unit area are in the eastern United States, particularly in 
some coastal counties. Urban forests that have the greatest cumulative threat proportional to the 
percent of the county that is urbanized are in the highly urbanized areas along the DC–Boston 
corridor and in other metro areas (e.g., Atlanta, Georgia; Indianapolis, Indiana; Columbus, Ohio; 
Houston, Texas; Charlotte, North Carolina). By understanding local urban forest threats, manage-
ment plans and policies can be enacted to help mitigate the impacts of and adapt to future threats 
to sustain healthy urban forests and associated benefits.

Study Implications: By understanding the magnitude and variation in potential urban forest threats, 
forest managers can be better prepared to potentially minimize and adapt to future urban forest 
damage. Threat type and intensities of threats vary by location. Understanding the distribution and 
intensity of urban forest threats can be used to help direct policies and forest management plans 
to sustain long-term urban forest health. A tool to assess urban forest threats by county is avail-
able in the supplemental materials.
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Urban forests comprise all trees within an urban area. 
Although most of the nation’s land area (74%) is found 
in the western United States, most of the urban popu-
lation (57%) and urban land (63%) are found within 
the eastern United States. This disparity illustrates the 
relative importance of eastern urban forests nationally. 
In the United States, urban forests provide billions of 
dollars in annual benefits and are projected to increase 
in extent in the coming years as urban areas increase 
(Nowak and Greenfield 2018b). However, percentage 

of tree cover in urban areas has been on the decline re-
cently (Nowak and Greenfield 2018a) and urban areas 
face forces that threaten to alter the structure and, 
consequently, the benefits derived from urban forests. 
These threats are numerous and include urban develop-
ment, climate change, insects and diseases, and storms.

This study examines the current threats to urban 
forests across the United States related to insects and 
diseases, hurricanes, tornadoes, and ice storms, all of 
which can drastically alter urban forest health and 
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associated tree benefits. In addition, given climate 
change projections, future urban forest threats are pro-
jected related to changes in air temperature, precipita-
tion, aridity, wildfire risk, flooding, and sea level rise. 
These changing environmental threats will also affect 
urban forest health. Finally, past patterns of urban tree 
cover change, often driven by development patterns 
and management activities, are used to project future 
urban tree cover changes. All of these threats can alter 
future urban tree cover, the health and well-being of 
residents, and also affect climate change impacts (e.g., 
tree cover versus impervious surface affecting water 
flow, tree cover mitigating urban heat increase). A cu-
mulative threat index was also developed to illustrate 
which areas have the greatest cumulative threat among 
all examined threats. By understanding regional and 
local threats and the combination of multiple threats, 
urban forest managers can better prepare to sustain 
urban forest health and benefits in the coming years.

Urban land in the conterminous U.S. is projected to 
grow from 3.6% of total land area in 2010 to 8.6% 
in 2060 (Nowak and Greenfield 2018b). This urban 
expansion along with changes in tree cover within ex-
isting and new urban areas will combine to affect the 
amount of urban land with tree cover that municipal-
ities can monitor and manage for their urban forest 
benefits, as well as affect the increasing importance 
of these areas in influencing regional climate change 
impacts. As tree cover is a dominant factor affecting 
urban forest benefits, loss of future tree cover in urban 
areas is a threat to sustaining urban forest benefits. 
Changes in air temperatures and precipitation will af-
fect human and tree health with many species’ ranges 
projected to shift in the coming decades (e.g., Iverson 
and McKenzie 2013). Tree responses to these changes 
could be either positive or negative depending upon 
species (Aber et al. 2001, Wang et al. 2017). In urban 
areas, these potential climate changes will be exacer-
bated by increased air temperatures due to urban heat 
islands and altered precipitation patterns due to ur-
banization (Sheppard 2005). Changes in species distri-
bution within urban areas will be enhanced by forest 
management (e.g., tree selection and planting).

Changes in climate will affect aridity as well as 
threats associated with flooding, sea level rise, and 
wildfire. Changes in aridity may affect forest health 
(Williams et al. 2010) and the ability to supply ample 
water for urban trees. Increased aridity could increase 
the frequency of droughts due to decreased precipita-
tion and increased evaporation (Dai et  al. 2011). In 
urban areas, some increased aridity impacts will be 

mitigated by irrigation. Changes in aridity can also af-
fect wildfire potential (e.g., Abatzoglou and Williams 
2016). Wildfires are a threat to forest health through 
direct tree mortality associated with fires (e.g., Hood 
et al. 2018). Large fires in urban areas are uncommon 
due to fire suppression efforts but do occur and can 
have devastating impacts (e.g., McBride 2018).

Changes in precipitation can also influence future 
flood events. Increases in the frequency and intensity 
of extreme precipitation events are projected for all US 
regions and has led to an increase in flooding events 
in the Midwest and Northeast (Walsh et  al. 2014). 
Flooding and projected sea level rise will also affect 
forest health through excess water affecting gas ex-
change in the root zone and salt intrusion creating nu-
trient stress (e.g., Bratkovich et  al. 1994, Zhai et  al. 
2018). Due to large amounts of impervious surfaces in 
urban areas and the proximity of many urban areas to 
rivers, lakes, and coastal areas, threats from flooding 
and sea level rise can be substantial.

Climate change will also likely affect future storms. 
Although most studies project a decrease (or little 
change) in the global frequency of hurricanes (Knutson 
et al. 2020), hurricane intensities in the United States 
will likely increase, leading to an increase in the de-
structive potential per storm for storms of a similar 
size. The global proportion of hurricanes that reach 
very intense levels will also likely increase due to 
anthropogenic warming over the 21st century. The 
Intergovernmental Panel on Climate Change (IPCC 
[2013]) projects a likely increase in maximum wind 
speed and rain rates in future hurricanes. Given this 
potential increase in storm intensities, the potential 
damage to forest and human populations will likely 
increase and can be substantial in the United States as 
nearly half of the US population lives in states along 
the East and Gulf coasts.

There has been an increase in the power of torna-
does over the last few decades (Elsner et  al. 2019). 
These changes may be related to climate change, but 
scientific understanding is not yet detailed enough to 
confidently project the direction and magnitude of fu-
ture change (Walsh et al. 2014). Although it is unclear 
how climate change will affect the frequency, inten-
sity, and geographical distribution of ice storms, it is 
possible that ice storm frequency will increase west of 
the Appalachian Mountains as far south as Tennessee 
(Klima and Morgan 2015). Along with the influence of 
human spread of insects and diseases, climate change 
will also likely alter the spatiotemporal pattern of in-
sects and diseases (Frankel et  al. 2012, Pureswaran 
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et al. 2018). Although ice storms and tornadoes might 
not have major impacts in many urban areas, the 
threats from insects and diseases might be exacerbated 
in urban areas due to the relative high amount of trans-
portation and ports that can contribute to distributing 
insects and diseases.

The purpose of this article is to evaluate the relative 
magnitude of these urban forest threats in the coming 
years and the geographic differences among these 
threats. All threats were evaluated within urban areas 
in each county except for storm and pest threats, which 
were based on the entire county area and assumed to 
be threats to urban forests. All urban areas were in-
cluded regardless of the amount of urban tree cover. 
All potential threats were integrated into a cumulative 
threat index to illustrate which areas of the United 
States will likely face the greatest overall threat to their 
urban forests. This cumulative threat index is additive, 
indicating the areas that have the greatest number and/
or magnitude of threats. The cumulative index does 
not account for potential interactions among threats. 
However, the cumulative index does reveal areas with 
the greatest overall threats. State and national policies 
and plans could be focused on these areas to help sus-
tain urban forest health.

Whereas this information can used at the local 
scale to aid urban forest management, it provides es-
sential information related to the relative magnitude 
and distribution of threats that can aid regional, state, 
and national plans and policies related to protecting 
urban forests. By understanding how threats are likely 

to change in the coming years as well as which areas 
in the United States face the greatest or most threats 
to the urban forest, local, regional, and national man-
agement plans and policies can be directed to adapt to 
and/or potentially lessen the damage created by these 
pending threats.

Methods
Several potential threats to urban forests were assessed 
at the county level, which was the smallest common 
geography among the threat databases. Some threats 
were assessed based on projected changes in these 
threats between 2010 and 2060 (e.g., urban tree cover, 
air temperatures, precipitation, aridity, sea level rise). 
Other threats that currently exist today (e.g., wild-
fires, flooding) were assessed by combining the existing 
threat level with projected changes in these threats 
between 2010 and 2060. The future risk from some 
threats could not be assessed (hurricanes, tornadoes, 
ice storms, insects, and diseases), so current or histor-
ical risk patterns were used to illustrate these urban 
forest threats (Table 1).

Urban land is delimited based on 2010 US Census 
Bureau definitions (US Census Bureau 2020). Urban 
areas represent densely developed territory and encom-
pass residential, commercial, and other nonresidential 
urban land uses. Two Census Bureau urban classifica-
tions were used to delimit urban areas: urbanized areas 
(UAs) of 50,000 or more people and urban clusters 
(UCs) of at least 2,500 and fewer than 50,000 people. 

Table 1.  Summary of urban forest threats and method used to develop threat assessment.

Type Threat 

Threat assessment method

Change (2010-2060)a Current + changeb Historicalc Currentd 

Development Tree cover change √
Climate change Temperature change √

Precipitation change √
Aridity change √
Sea level rise √
Flood risk √
Wildfire risk √

Storms Hurricanes √
Tornadoes √
Ice storms √

Pests Insect/disease risk √

a based on projected change in threat between 2010 and 2060 within urban areas.
b based on current threat level plus projected change in threat between 2010 and 2060 within urban areas.
c based on historical pattern of threat at the county scale.
d based on current distribution of threat at the county scale.
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Eighty percent of the counties in the conterminous 
United States have urban land within their boundary 
(2,424 counties). Some counties (e.g., in Virginia) are 
cities and relatively small in area. Each urban forest 
threat was projected or assessed based on data from 
various sources as detailed below. For each county in 
the conterminous United States, a standardized threat 
index was calculated as Threat index = county value/
absolute value of the maximum US county value.

This index standardizes all threats on a poten-
tial of −1 to + 1 value with a + 1 value indicating the 
county with the greatest relative threat, negative values 
indicating lessening threats, zero indicating no threat 
or change in threat value, and other values indicating 
the threat level relative to the maximum threat. Most 
threat indices were only positive throughout the United 
States. In these cases, the index will only vary between 0 
and + 1. A few threats had negative values due to some 
areas exhibiting a decrease in threats (i.e., tree cover 
increases, reduced flood risk). Precipitation change 
also had negative values, but as any change in precipi-
tation, either positive or negative, could be a threat to 
forest health, the precipitation index was based on the 
absolute value of changes and thus any change was 
considered positive (higher values indicating a greater 
change).

Threats from hurricanes, tornadoes, ice storms, and 
insects and diseases are based on the entire county as 
these are county-based datasets. Changes in percentage 
of urban tree cover are based on contrasting tree cover 
in urban land in both 2010 and 2060. All other in-
dices are based on changes within the urban land area 
that existed in 2010 because the projections of urban 
expansion to 2060 are at the county level with no geo-
graphical specificity as to where that expansion will 
occur within the county. These indices are based on na-
tional datasets that can aid in understanding both local 
threats and regional-to-national distribution and vari-
ation. However, these indices are simple indices that do 
not indicate an absolute threat; rather, they reveal the 
threat relative to the national maximum value.

Projected Changes in Urban Tree Cover
Urban expansion in the United States was projected 
for 2010–2060 based on the average growth within 
county urbanization classes between 1990 and 2010 
(Nowak and Greenfield 2018b). For each decade, the 
amount of urban land at the start of the decade and 
new urban land added during the decade was calcu-
lated for each county. The 2010 starting percentage of 
urban tree cover was estimated using National Land 

Cover Database (NLCD) tree cover maps (MRLC 
2020) for (1) urban land (2000) remaining urban land 
(2010) and (2) rural land (2000) converting to urban 
land (2010).

As past NLCD tree cover data are known to under-
estimate actual tree cover (Nowak and Greenfield 
2010), photo-interpretation was conducted to help de-
termine actual tree cover values. State urban tree cover 
values were determined through photo-interpretation 
of 1,000 points per state using circa  2014 high-
resolution Google Earth aerial photos (Nowak and 
Greenfield 2018a). Urban tree cover in each county for 
2010 was adjusted based on ratio of the state average 
urban tree cover to the estimated urban tree cover 
based on photo-interpretation: County urban tree 
cover = county urban tree cover (NLCD 2011) × state 
urban photo-interpreted tree cover c. 2014 (%)/ state 
urban NLCD tree cover (%)

To project urban tree cover for each subsequent 
decade (2020–2060), the percentage of urban tree 
cover at the start of the decade in each county was 
adjusted by the projected average annual relative per-
centage change in urban tree cover from the associated 
state average (c. 2009–2014) (Nowak and Greenfield 
2018a). For example, if state urban tree cover changed 
from 50% to 49% between 2009 and 2014, that 
would equate to a 1% drop over 5  years or −0.2% 
per year. The −0.2% annual change was converted to 
a relative change based on the starting tree cover per-
centage (e.g., −0.2/50 = −0.004% change relative to 
existing tree cover). This relative change value was ap-
plied to the tree cover from the previous year to pro-
ject tree cover annually (e.g., tree cover in county in 
2010 = 40%; 2011 = 40%−(40% × 0.004) = 39.84%; 
2012 = 39.8%−(39.8% x 0.004) = 39.68%, … ). The 
new percentage of tree cover was applied to urban land 
remaining urban at the end of the decade to estimate 
total tree cover in this area.

Total tree cover within urban expansion areas was 
based on the county-specific percentage of tree cover 
from the rural to urban land conversion (2000–2010) 
multiplied by the land area of urban expansion. Total 
decadal urban tree cover (2020–2060) was calculated 
by weighting the percentage of tree cover value in 
urban remaining urban land and rural land converting 
to urban land by its associated land area at the end 
of each decade. It is important to note that just be-
cause rural land converts to urban land, not all the 
land cover classes will change (e.g., to developed land 
cover) as natural areas (e.g., forests) can remain. Total 
change in percentage of urban tree cover (2010–2060) 
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was used to develop a tree cover change index. This 
tree cover change index accounts for changes within 
existing urban areas (gains or losses) plus the gains or 
losses of new tree cover as urban areas subsume the 
surrounding rural landscape.

Tree cover change index = −1 × the projected change 
in percent tree cover in urban areas (2010–2060)/ ab-
solute value of maximum change in percent among 
counties (34.9%)

The sign of this index was changed (multiplied by 
−1) so that a positive value of this index would indicate
a positive threat related to a loss of tree cover.

One limitation of the tree cover estimates are that 
county estimates of cover and cover change are ad-
justed based on state average adjustment values. The 
state average adjustment factors for tree cover and 
cover change applied to county values will produce ac-
curate estimates at the state level but can lead to erro-
neous estimates at the county level depending on how 
much county adjustment factors might vary from the 
state adjustment factor. More research is needed on 
county adjustment factors as these values are currently 
unknown.

Air Temperature and Precipitation Changes
Projected air temperature and precipitation data were 
obtained from the National Center for Atmospheric 
Research (NCAR) Community Climate System Model 
(CCSM) (2019). These data were obtained at a 4.5 
km resolution that covered the conterminous United 
States but were resampled for display/analysis at 30 m 
resolution and projected to WGS 1984 Web Mercator 
Auxiliary Sphere.

Projected data represented an “ensemble average” 
of six model runs for representative concentration 
pathways (RCP) 8.5 for 2060. The RCP 8.5 scenario 
is characterized by increasing greenhouse gas (GHG) 
emissions over time, and factors in the highest GHG 
concentration levels of all the scenarios by 2100. 
These data include both the projected values and the 
differences between current (2010) and future (2060) 
modeled values for annual mean air temperature 
(in degrees Celsius) and annual total precipitation 
(in millimeters) within urban areas of each county. 
Although high baseline emissions are presented, 
illustrating a maximum effect, the index of these 
values among counties will illustrate the areas with 
the greatest relative change.

Temperature change index = projected temperature 
change in county (2010–2060)/ maximum temperature 
change among counties (3.5°C)

Precipitation has bidirectional changes among 
counties and any change can be considered a threat 
(e.g., both decreases and increases in precipitation can 
be considered an environmental threat). Thus, any 
change from current conditions was indexed as a posi-
tive value as

Precipitation change index = absolute value of 
county precipitation change/ absolute value of the 
maximum US county value (335 mm/yr)

Aridity Changes
The aridity index uses precipitation and potential 
evapotranspiration data from the US Environmental 
Protection Agency EnviroAtlas (2019) RCP 8.5 pro-
jections. Potential evapotranspiration (PET) represents 
the evapotranspiration rate under ideal circumstances 
(i.e., a vegetated surface shading the ground and un-
limited water supply) (US EPA 2016). An aridity ratio 
was calculated as precipitation (P) divided by PET 
(Greenfield and Nowak 2013). Precipitation and PET 
data were resampled to 30 m resolution from the ori-
ginal 800 m resolution.

A decrease in the aridity ratio indicates an increase 
in aridity. As the threat to urban forests increases with 
increased aridity, changes in aridity from 2010 to 2060 
by county were calculated as county aridity index (P/
PET) in 2010 minus aridity index in 2060, so that 
increasing aridity is indicated by positive values.

Aridity change index = change in aridity ratio within 
a county/maximum change in aridity ratios among all 
counties (0.405)

Flooding
Flood zones based on 100-year floodplain areas (2016) 
were obtained from the US EPA EnviroAtlas (US EPA 
2019). As increases in precipitation would likely in-
crease flooding, a combined index was created to esti-
mate potential future flood risk. This combined index 
was calculated as

Flood risk index = flood area (% of county urban 
area) + flood area (% of county urban area) × relative 
precipitation change in county/absolute value of max-
imum value in the numerator (108.8), where

Relative precipitation change = change in precipita-
tion 2010–2060 (mm)/precipitation in 2010 (mm)

Sea Level Rise
To estimate how much urban area of each county 
could be affected by rising sea levels, projections from 
the National Oceanic and Atmospheric Administration 
(NOAA 2017) were used. Based on projections of an 
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“intermediate-high” scenario (Sweet et  al. 2017), a 
projection of a 61 cm sea level rise for 2060 was used. 
The proportion of urban land submerged by rising 
sea levels was calculated and indexed for each urban 
county as

Sea level rise index = percent of county urban area 
inundated (2060)/maximum inundation among all 
counties (48.3%).

Wildfire Hazard Potential
Wildfire hazard potential (WHP) data were obtained 
from the USDA Forest Service (2018) Fire Modeling 
Institute and depict the relative potential for wildfire that 
would be difficult for suppression resources to contain. 
These spatial datasets of wildfire likelihood and inten-
sity were generated for the conterminous United States 
in 2016 with the Large Fire Simulator (FSim), spatial 
fuels and vegetation data from LANDFIRE 2012, and 
point locations of past fire occurrence (ca. 1992–2013). 
Areas with higher WHP values represent fuels with a 
higher probability of experiencing torching, crowning, 
and other forms of extreme fire behavior under condu-
cive weather conditions, based primarily on landscape 
conditions at the end of 2012. WHP is not an explicit 
map of wildfire threat but can be paired with spatial 
data depicting highly valued resources (e.g., commu-
nities) to approximate relative wildfire hazard poten-
tial to those resources (Dillon et al. 2015, USDA Forest 
Service 2018). In this report, the WHP is only analyzed 
within urban areas, which are areas of higher risk to 
humans and structures. Numerous factors will affect 
future fires (e.g., Martinuzzi et al. 2019), with aridity 
being one of these factors due to its propensity to dry 
fuels, which increases flammability and probability 
of ignition (e.g., Littell et al. 2016, Abatzoglou et al. 
2018). As increases in aridity would likely increase 
WHP, a combined index was created to estimate po-
tential future wildfire hazard potential. This combined 
index was calculated as

Wildfire change index = WHP index + WHP 
index × relative aridity change/absolute value of max-
imum value in the numerator
where WHP index = average WHP data within urban 
areas in county/ maximum average urban WHP among 
counties (3,018), and relative aridity change = change 
in aridity 2010–2060 (P/PET)/ aridity in 2010 (P/PET).

Hurricane Threat
To assess hurricane risk, a probabilistic risk map of 
potential hurricane damage based on the historical 
patterns of hurricane tracks and wind speeds be-
tween 1851 and 2015 was developed and combined 

with topographic data to determine potential wind 
exposures to accumulated cyclone energy (Cole et al. 
2021). Urban forest risk was based on mean cumula-
tive accumulated cyclone energy (1851–2015) values 
for the county. As it is difficult to predict where future 
hurricanes will hit, past patterns of hurricane paths 
and intensity are used to help assess areas with the 
greatest risk for future hurricane damage. This same 
historical pattern analysis was used to assess potential 
threats from tornadoes and ice storms (see below). It 
is unknown how hurricane intensification may vary 
in coming years, so current risk is assumed to remain 
relatively the same, but the intensity of effects is likely 
to increase in the future.

Hurricane threat index = mean cumulative accumu-
lated cyclone energy (1851–2015) in county/maximum 
value in mean cumulative accumulated cyclone energy 
among all counties (83,139).

Tornado and Ice Storm Threats
Information on tornadoes (1950–2019) and ice storm 
events (1996–2020) for each county was derived from 
NOAA’s storm events database (NOAA 2020).

Ice storm risk index=number of ice storms in county 
(1996–2020)/maximum number of storms among all 
counties (29).

Number of tornadoes times the average tornado F 
scale (0–5) of these tornadoes (i.e., tornado strength 
based on wind speed) by county were used to create 
the tornado index. The F scale weighting of tornadoes 
was conducted as the threat from tornadoes increases 
as wind speed increases.

Tornado risk index = number of tornados × average 
F scale value for all tornadoes in county (1950–2019)/ 
maximum value in numerator among all counties 
(168).

Insect and Disease Threat
Distribution data for forty-five insects and diseases 
(Supplemental Table 1) were obtained from the Forest 
Service Forest Health Technology Enterprise Team and 
Alien Forest Pest Explorer (USDA Forest Service 2017, 
2020). Counts of total number of insects and diseases 
in each county were used to develop the index.

Pest index = number of insect or disease species 
within county/ maximum number of insects and dis-
eases among all counties (18).

Cumulative Threat Index
A cumulative threat index (CTI) was calculated by 
equally combining all standardized threat indices and 
restandardizing the final index value as:

http://academic.oup.com/jof/article-lookup/doi/10.1093/jofore/fvac019#supplementary-data
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Cumulative threat index (0–1) = (Urban tree 
cover change index + Air temperature change 
index + Absolute precipitation change index + Aridity 
change index + Flood risk change index + Sea level 
rise index + Wildfire change index + Hurricane 
index + Tornado index + Ice storm index + Pest index)/
maximum value in the numerator (4.994)

In theory, this index could range between −1 
and + 1 with negative values indicating a reduction in 
threats. However, all cumulative threat index values 
were positive in the United States. The impact of each 
threat is likely not equal, but an equal weighting pro-
cedure gives an indication of the counties with greatest 
overall relative cumulative threat from all threats. The 
CTI indicates which counties have the greatest overall 
threat per unit of ground area. Each county should be 
evaluated as to which threats are greatest in specific 
counties.

To determine which counties have the greatest 
overall relative threat to urban forests, the CTI was 
weighted by percent of county within urban areas. The 
percent-weighted CTI reveals the counties with the 
greatest overall threats and the greatest proportion of 
urban land (i.e., heavily urbanized counties will tend 
to have greater proportional threats to urban forests). 
High index values do not mean that a particular threat 
will occur in the urban area, but rather that they have 
characteristics that might lead to increased risk in 
the future.

In addition to index maps based on the county index 
value relative to the maximum national value, add-
ition maps are presented in Supplemental Figures 1–4 
that present county index values based on the index 
value distribution. The supplemental figures show the 
rank order distribution of index values within five 
20-percentile classes. In cases where zero index values
comprised more than 20% of the counties (e.g., hur-
ricane index), the distribution in classes 20.1%–40%,
40.1%–60%, 60.1%–80% and 80.1%–100% were
based on distributing the positive index values among
these four classes. In these cases, the 0%–20% will
have more than 20% of the counties and the remaining
classes will have less than 20%.

Results and Discussion
As there are numerous projected changes and threats 
among counties across the United States, the change 
in intensities and locations will vary depending on 
what factor is being analyzed. This information on 
local urban forests and potential threats could be in-
tegrated within city-scale vulnerability assessments 

(e.g., Steenberg et  al. 2016). The threat index results 
are mostly displayed on maps, but detailed results by 
county can be found in a supplemental tool (https://
www.itreetools.org/documents/674/County_threat_
projection_tool.xlsx).

Urban Tree Cover Change
Overall, 87% of counties with urban land are pro-
jected to decline in percent urban tree cover by 2060, 
with urban tree cover projected to drop nationally 
from 39.4% to 33.6%. Some counties in states with 
recent increases in urban tree cover (e.g., Wyoming) 
or where urban areas expanded into forests had pro-
jected increases in tree cover (Figure 1). Urban expan-
sion within forests tends to lead to increased urban tree 
cover as about 20% of forest land subsumed by urban-
ization tends to remain as forest (Nowak and Walton 
2005).

The greatest reduction in percentage of tree cover 
(2010–2060) occurred in Clayton County, Iowa 
(−34.9%); McCurtain County, Oklahoma (−27.9%); 
and Ohio County, West Virginia (−26.4%) (Figure 1). 
Though urban land will be increasing, current trends 
of mostly declining percentage of urban tree cover will 
affect future ecosystem services. The current trends 
of urban tree change (either gain or loss) have a sub-
stantial impact on future tree cover. Oklahoma has the 
greatest decrease in recent percentage of tree cover; 
thus, this recent pattern of decline leads to a relatively 
large decrease in percentage of tree cover in Oklahoma 
by 2060. The estimates of tree cover loss are probably 
too high in Oklahoma as it is likely that the current 
tree cover decline will not be sustained. Tree cover 
losses and gains are influenced by numerous factors 
through time (e.g., tree planting, natural regeneration, 
development, storms, insects, etc.), thus the estimated 
trends are likely to change based on these future fac-
tors. However, if current trends of land use and tree 
cover change remain true going forward, the pro-
jected changes will likely occur. Local management can 
change these trajectories. Also, various other threats 
will likely affect future tree cover. Management to 
sustain urban tree cover in the future given projected 
trends of tree cover change and varying urban forest 
threats are essential as numerous benefits related to 
human health and well-being in urban areas are de-
rived from healthy urban tree cover.

Climate Change and Associated Impacts
Average annual air temperatures in urban areas are 
projected to increase across the conterminous United 
States, with increases ranging from 1.2°C to 3.5°C by 

http://academic.oup.com/jof/article-lookup/doi/10.1093/jofore/fvac019#supplementary-data
https://www.itreetools.org/documents/674/County_threat_projection_tool.xlsx
https://www.itreetools.org/documents/674/County_threat_projection_tool.xlsx
https://www.itreetools.org/documents/674/County_threat_projection_tool.xlsx
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2060 among counties. Counties with the greatest pro-
jected increase in air temperatures in urban areas are 
Bonneville (+3.5° C), Madison (+3.5° C), and Jefferson 
(+3.4° C) Counties in Idaho, with highest tempera-
ture increases occurring in the Rocky Mountains and 
various areas of the Midwest (Figure 2A).

Annual precipitation in urban areas is projected 
to change between −111  mm/yr to + 335  mm/yr 
by 2060 with average change of + 10.5% (range: 
−13.9% to + 40.0%). Counties with the greatest pro-
jected changes in precipitation in urban areas are
Putnam (+335  mm/yr), DeKalb (+329  mm/yr), and
Smith (+326 mm/yr) Counties in Tennessee, with the
greatest changes (increases) in precipitation occurring
in the eastern United States (Figure 2B, Supplemental
Figure 5).

Aridity (P/PET) in urban areas is projected to in-
crease across the conterminous United States, with in-
creases ranging from 0.009 to 0.405 by 2060 among 
counties. Counties with the greatest projected increase 
in aridity in urban areas are Tillamook (+0.405), 
Lincoln (+0.379), and Curry (+0.370) Counties in 
Oregon, with greatest increases in aridity occurring 
along the northern Pacific coast and the northeastern 
United States (Figure 2C).

Projected sea level rise will affect coastal areas 
with urban areas in Camden County, North Carolina 
(48.3%); Monroe County, Florida (+44.0%); and New 
York County, New York (+32.4%) experiencing the 
greatest proportion of their urban areas inundated by 
sea level rise by 2060 (61 cm rise) (Figure 2D). Estimates 
of inundation are based on urban area elevation near 
coastal areas. Management actions (e.g., sea walls) can 
limit the proportion of urban areas inundated.

Counties with the greatest projected wildfire hazard 
potential in urban areas in 2060 are in the western 
United States, with the counties with highest urban 
wildfire hazard potential index being Elko, Nevada 
(+1.000); Calaveras, California (+0.849); and Amador, 
California (+0.822) (Figure 2E). Areas with higher 
index values indicate areas with greater wildfire hazard 
potential due current wildfire conditions in combin-
ation with increasing aridity (Figure 2C).

The wildfire index is relatively simple as it assumes 
static WHP conditions and only changes in aridity 
through time. Numerous other factors will affect fu-
ture wildfires (e.g., fuel loads, drought, tree mortality, 
fires). In addition, wildfire conditions surrounding 
urban areas may substantially influence wildfire risk in 
urban areas and these external risks are not considered 

Figure 1  Urban tree cover change index, 2010–2060. Positive values indicate projected reductions in percent urban tree 
cover. Counties with no urban land in 2010 are excluded.

http://academic.oup.com/jof/article-lookup/doi/10.1093/jofore/fvac019#supplementary-data
http://academic.oup.com/jof/article-lookup/doi/10.1093/jofore/fvac019#supplementary-data


684 Journal of Forestry, 2022, Vol. 120, No. 6

(e.g., a city may have a low risk, but the risk might 
be substantial in adjacent rural areas and therefore 
increase the risk to the city). WHP data do not pro-
vide an explicit map of wildfire threat or risk. Rather, 
it highlights places where vegetation treatments may 
be needed to reduce the intensity of future wildfires. 
Its application to urban areas is likely limited, but it 
does provide information on relative risk and wildfire 
hazard potentials. More detailed wildfire analyses are 
needed to determine wildfire risk and potential changes 
in wildfire risk, particularly in urban areas.

Counties with the greatest potential urban flood 
risk index values in 2060 are Camden, North Carolina 
(+1.000); Henderson, Illinois (+0.841); and Currituck, 
North Carolina (+0.831), with areas with highest flood 
risk (2060) occurring in various counties throughout 
the United States (Figure 2F). Flood risk was based on 
the proportion of urban areas within 100-year flood 
zones and projected change in annual precipitation 
within urban areas. Areas with higher index values in-
dicate areas with greater potential risk to flooding due 
to a relatively high proportion of potential flood zones 

and/or a relatively high increase in precipitation. Most 
counties (98%) have flood plains in urban areas and 
87% of these counties have projected increases precipi-
tation in urban areas.

The flood index is relatively simple as it only con-
siders precipitation and flood area within urban areas 
in the county and does not consider intercounty trans-
fers of flood waters. Numerous downstream areas 
could flood due to changes in upstream precipita-
tion outside of a county. This index only targets local 
changes in precipitation. Also, the index only considers 
average projected changes in precipitation, not the 
intensity distribution of the precipitation, which can 
substantially affect flooding. More detailed hydrologic 
analyses are needed to determine potential changes in 
local flooding, but this index provides a simple means 
to illustrate local areas of concern due to local flood 
areas and changes in annual precipitation.

Storms and Pests
Storm and pest threats were evaluated based on the 
average threat within a county, not specifically urban 

Figure 2  Climate change related indices: a) temperature, b) precipitation, c) aridity, d) sea level rise, e) wildfire, and f) 
flooding, 2010–2060. Counties with no urban land in 2010 are excluded.
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land within a county, due to limitations of the storm 
and pest data. Hurricane threat increases with prox-
imity to the southeast United States coastline. The 
counties with the greatest hurricane threat index are 
Terrebonne Parish, Louisiana (+1.000); New Hanover, 
North Carolina (+0.975); and Carteret, North Carolina 
(+0.966) (Figure 3A). Areas with higher hurricane 
index values indicate areas with greater potential risk 
to hurricane damage due to the historical number and 
strength of hurricanes and exposure to winds.

Areas with greatest number and strength of torna-
does tend be in the central and southern United States, 
with counties with the greatest tornado threat index 
being Harris, Texas (+1.000); Oklahoma, Oklahoma 
(+0.935); and Jefferson, Alabama (+0.756) (Figure 3B). 
Ice storms tend to occur most in the Appalachian region 
and central United States. Counties with the greatest 
number of ice storms are Garrett, Maryland (twenty-
nine storms); Centre, Pennsylvania (twenty-one 
storms); and Clinton, Pennsylvania (twenty-one 
storms) (Figure 3C). As tornado and ice storm risks are 
based on past storms, the distribution and amount of 
these events may change due to projected changes in 
air temperature and precipitation.

The greatest number of insects and diseases tend 
to occur in various counties in the Northeast, North 
Central, Northwest, and Southwest United States 
(Figure 3D). The maximum number of insects and 
diseases found in a county (out of the forty-five pests 

analyzed) was eighteen. Having a large number of 
pests increases the potential for pest-related damage 
but does not necessarily mean greater pest damage. 
Local forest composition relative to pest distribution is 
critical for assessing potential pest impacts.

Cumulative Threat Index
The CTI was calculated by equally weighting all 
threat indices (urban tree cover, air temperature, 
precipitation, aridity, flooding, wildfire, sea level 
rise, hurricanes, tornadoes, ice storms, and pests). 
This index reveals the greatest cumulative threat per 
unit area of urban land. Different weightings would 
produce different CTI values. Different weighting ef-
fects can be visualized using maps in Figures 1–3 and 
could be calculated using data in the supplemental 
tool. There are multiple possible outcomes that could 
occur based on various weightings that could be 
selected among the eleven analyzed threats. At the 
local scale, the most significant threats could be ad-
dressed as the highest priority to sustain local urban 
forest health.

CTI values were greatest in the eastern United States 
(Figure 4A). The counties with the greatest CTI values 
are Camden, North Carolina; Dare, North Carolina; 
and Garrett, Maryland (Table 2, Figure 4A). Camden 
County has high risk to sea level rise, flooding, pre-
cipitation change, hurricanes, and temperature change; 
Dare County has high risk to hurricane, precipitation 

Figure 3  Storm and pest related indices: a) hurricanes, b) tornadoes, c) ice storms, d) insects and diseases. Indices are 
based on entire county, not just data within urban areas.
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change, flooding, and loss in percentage of urban tree 
cover; Garrett County has high risk to ice storms, tem-
perature and precipitation changes, aridity, and pests 
(Table 2).

The CTI weighted by percentage of urban area re-
veals counties with the greatest relative urban forest 
threats overall. Highly urbanized areas along the DC–
Boston corridor and in other metro areas (e.g., Atlanta, 
Georgia; Indianapolis, Indiana; Columbus, Ohio; 
Houston, Texas; Charlotte, North Carolina) have rela-
tively high urban forest risk and/or a high proportion 

of the county in urban land (Figure 4B). Counties 
with the highest percent-weighted risk are New York, 
New York; Hudson, New Jersey; and Portsmouth 
City, Virginia (Table 3). These counties may be small 
in area but have higher relative urban forest risks as 
urban forest loss in these areas would affect a higher 
proportion of the county area. New York and Hudson 
Counties have high risks to temperature and precipita-
tion changes, sea level rise and pests; Portsmouth City 
County has high risk to precipitation and temperature 
changes and hurricanes.

Figure 4  Cumulative threat indices: a) unweighted and b) weighted by percent of county in urban land. Counties with no 
urban land in 2010 are excluded.
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These cumulative indices illustrate which coun-
ties have the greatest overall threat with each threat 
weighted with equal importance. However, not all 
threats are equal and threat magnitude will vary based 
on amount of urban cover, potential damage to the 
forest, and probability of occurrence. As each indi-
vidual threat index will vary across the United States, 
it is important to locally assess which threats are most 
likely to affect urban forest health in the future. By 
understanding local urban forest threats, management 
plans and policies can be enacted to help adapt to and 
mitigate future threats to sustain healthy urban forests 
and associated benefits.

Limitations
The results are based on the assumptions detailed 
in the methods and are not projections of what will 
happen, but rather indices of various threats relative 
to the highest national values. Some indices are based 
on projections to 2060; others are based on current 
or historical patterns with the assumption that those 
patterns will hold in the future. The farther one pro-
jects into the future, the more likely these patterns may 
change. These projections and trends may change in the 
future if various policies or other factors change that 
would alter future conditions. Although these limita-
tions associated with future projections exist, the maps 

Table 3.  Counties with the highest cumulative threat index weighted by percent of county occupied by 
urban land (CTI %) and their individual threat indices.

County CTI% Hurr Torn Ice Pest UTC T° Prec Arid Fld SLR Fire 

New York, NY 1.00 0.34 0.00 0.03 0.67 0.14 0.70 0.69 0.39 0.41 0.67 0.03
Hudson, NJ 0.95 0.34 0.01 0.00 0.61 0.06 0.70 0.66 0.39 0.46 0.63 0.03
Portsmouth city, VA 0.86 0.60 0.02 0.00 0.44 0.19 0.61 0.71 0.16 0.44 0.32 0.00
Cobb, GA 0.85 0.29 0.23 0.17 0.44 0.51 0.76 0.62 0.40 0.06 0.00 0.03
Bergen, NJ 0.82 0.31 0.06 0.07 0.61 0.14 0.73 0.70 0.53 0.14 0.16 0.12
Bronx, NY 0.79 0.35 0.01 0.03 0.61 0.17 0.70 0.69 0.40 0.30 0.30 0.05
DeKalb, GA 0.79 0.31 0.08 0.17 0.44 0.52 0.75 0.66 0.37 0.05 0.00 0.02
Gwinnett, GA 0.78 0.30 0.10 0.21 0.44 0.47 0.75 0.65 0.35 0.05 0.00 0.02
Colonial Hgts, VAa 0.77 0.44 0.01 0.00 0.44 0.33 0.73 0.77 0.12 0.21 0.17 0.01
District of Columbia 0.76 0.32 0.00 0.07 0.44 0.42 0.70 0.50 0.24 0.20 0.22 0.00

Detailed results for all counties can be found in a supplemental tool (https://www.itreetools.org/documents/674/County_
threat_projection_tool.xlsx).
Hurr, hurricane index; Torn, tornado index; Ice, ice storm index; Pest, insect/ disease index; UTC, urban tree cover change 
index; T°, temperature index; Prec, precipitation index; Arid, aridity index; Fld, flood index; SLR, sea level rise index; Fire, 
wildfire potential index
a Colonial Heights city, VA.

Table 2.  Counties with the highest cumulative threat index (CTI) values and their individual threat indices. 

County CTI Hurr Torn Ice Pest UTC T° Prec Arid Fld SLR Fire 

Camden, NC 1.00 0.72 0.01 0.00 0.33 0.19 0.68 0.80 0.21 1.00 1.00 0.00
Dare, NC 0.92 0.93 0.13 0.00 0.28 0.62 0.59 0.74 0.28 0.65 0.29 0.01
Garrett, MD 0.92 0.14 0.09 1.00 0.72 0.12 0.76 0.75 0.75 0.19 0.00 0.00
Jackson, MS 0.91 0.89 0.27 0.00 0.33 0.32 0.62 0.39 0.63 0.50 0.40 0.16
Poquoson city, VA 0.88 0.74 0.00 0.00 0.28 0.58 0.63 0.72 0.14 0.63 0.62 0.00
Rockland, NY 0.85 0.26 0.01 0.10 0.83 0.34 0.73 0.70 0.63 0.20 0.27 0.12
Chatham, GA 0.84 0.84 0.16 0.07 0.33 0.20 0.60 0.64 0.29 0.47 0.38 0.18
Bristol, RI 0.84 0.44 0.01 0.00 0.67 0.40 0.66 0.81 0.53 0.24 0.37 0.00
Charleston, SC 0.84 0.89 0.16 0.24 0.33 -0.02 0.58 0.85 0.16 0.39 0.48 0.08
Harrison, MS 0.83 0.94 0.37 0.00 0.33 0.21 0.62 0.31 0.65 0.37 0.20 0.10

Detailed results for all counties can be found in a supplemental tool (https://www.itreetools.org/documents/674/County_
threat_projection_tool.xlsx).
CTI, cumulative threat index; Hurr, hurricane index; Torn, tornado index; Ice, ice storm index; Pest, insect/ disease index; UTC, 
urban tree cover change index; T°, temperature index; Prec, precipitation index; Arid, aridity index; Fld, flood index; SLR, sea 
level rise index; Fire, wildfire potential index

https://www.itreetools.org/documents/674/County_threat_projection_tool.xlsx
https://www.itreetools.org/documents/674/County_threat_projection_tool.xlsx
https://www.itreetools.org/documents/674/County_threat_projection_tool.xlsx
https://www.itreetools.org/documents/674/County_threat_projection_tool.xlsx
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reveal variations in the distribution and intensities 
of potential threats. This information can aid urban 
forest managers and policy makers as they prepare for 
current and future issues that may alter urban forest 
health and sustainability. Limitations also exist based 
on the assumptions used for calculating individual 
indices, and the threat indices do not consider inter-
actions among counties (e.g., precipitation in upstream 
counties may affect flooding in downstream counties). 
Various limitations of individual threats are discussed 
above. Although most threats were assessed within 
urban areas only, these threats will also affect rural 
forests. Due to high concentrations of people in urban 
areas, the threats within urban areas can have substan-
tial impacts on human health and well-being. Although 
the actual threat to numbers of trees will be relatively 
low in urban areas nationally compared to rural for-
ests, the impact of loss per tree will be relatively high.

Threats to urban forests vary across the United 
States depending upon geographic location and will 
vary through time due to differences in urban growth, 
geography, and climate. Some of these threats will 
interact, creating enhanced or lessened potential 
threats. For example, climate change will affect insect 
abundance and distribution (Stange and Ayers 2010) 
as well storm strength and distribution (Michener 
et  al. 1997). These changes will affect tree mortality 
related to insects and storm damage; changes in tree 
mortality will consequently affect wildfire distribution 
and intensity. Also, as changes in air temperature and 
precipitation affect pest, storm, and wildfire intensity 
and distribution, and changes in tree cover will affect 
local air temperatures (Sinha et al. 2021), precipitation 
(Sheppard 2005), and create feedbacks that affect the 
pests, storm, and wildfire effects. Many of these inter-
actions are not accounted for in this assessment due 
to limited information on these potential interactions.

Management Implications
Nationally, counties averaged 1.7 threats with an 
index value greater than 0.5. However, an average 
3.2 threats with an index value greater than 0.5 were 
found in the eastern United States. Seven states, all 
in the East, averaged more than three threats with 
values greater than 0.5: Rhode Island (4.2 threats), 
Connecticut (4.0), Massachusetts (3.7), Ohio (3.3), 
New Jersey (3.2), Pennsylvania (3.2), and New York 
(3.0). The maximum number of threats with an index 
greater than 0.5 was six in Poquoson city, Virginia. Ten 
states, also all is the East, had an average CTI greater 
than 0.6: Connecticut (0.69), Rhode Island (0.69), 

Massachusetts (0.66), Pennsylvania (0.63), New York 
(0.63), Ohio (0.63), New Jersey (0.62), South Carolina 
(0.62), New Hampshire (0.61), and Delaware (0.60) 
(Supplemental Figure 4). These findings are not sur-
prising as many threats are found in the East. Some 
threats are limited to forested regions (e.g., insects and 
diseases) which are common in the East and West, hur-
ricane threats are an eastern phenomenon, sea level 
rise threats are an East and West Coast risk, and pro-
jected precipitation changes are greatest in the East 
(Supplemental Figures 2 and 3). The convergence of a 
greater urban population and urban land base in the 
eastern United States with more prevalent urban forest 
threats in the East creates a need for heighten vigilance 
and action by eastern urban foresters to help sustain 
urban forest health in the coming years. However, 
vigilance and actions by all urban foresters nation-
ally could help sustain urban forest health given the 
changing environment and diversity of threats across 
the nation.

The Northeast tends to have a greater threat from 
pests and aridity than the Southeast, whereas the 
Southeast tends to have a greater threat from hurricanes, 
tornadoes, sea level rise, and fire than the Northeast 
(Supplemental Figures 2 and 3). Both regions have a 
relative high risk of ice storms and changes in pre-
cipitation. Given the relatively large amount of urban 
land and population in the eastern United States, these 
eastern threats pose potential changes to urban forests 
that will affect many people. Western US threats tends 
to be greatest related to wildfire, temperature changes, 
and pests, but generally has lower overall threats than 
the eastern United States. Threat distribution patterns 
make sense based on meteorologic patterns, forest dis-
tribution, and coastal influences, but the integration of 
the multiple threats within forest planning can better 
prepare areas for future urban forest threats.

Some threats are more sudden and devastating to 
urban forests (e.g., hurricanes, tornadoes, wildfire) 
whereas other can create changes over longer periods 
(e.g., temperature, sea level rise). Some threats can af-
fect large areas (e.g., climate change, hurricanes), and 
other threats are quite local (e.g., tornadoes) or species-
specific (e.g., pests) in terms of damage. Management 
activities to minimize threats can vary based on the spe-
cific threat, but all involve altering forest structure (e.g., 
changing species and maintenance practices that affect 
forest structure). Understanding specific local threats is 
critical to determining appropriate management activ-
ities to minimize threats. Also, understanding regional 
threats can aid regional, state, and national plans and 

http://academic.oup.com/jof/article-lookup/doi/10.1093/jofore/fvac019#supplementary-data
http://academic.oup.com/jof/article-lookup/doi/10.1093/jofore/fvac019#supplementary-data
http://academic.oup.com/jof/article-lookup/doi/10.1093/jofore/fvac019#supplementary-data
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policies in facilitating proper management and funding 
to minimize these threats. Regional plans could sup-
port each other to reduce forest threats. Understanding 
cumulative and multiple threats can help focus man-
agement activities (e.g., maintenance, species selec-
tions) that can address multiple threats at the same 
time. Efficiencies can be gained by understanding and 
acting on multiple threats versus addressing each threat 
individually or addressing a threat after the threat has 
already occurred.

As not all threats are equal in terms of their po-
tential effect on urban forests, urban forest managers 
should evaluate which risks are most prevalent in their 
area and which could likely cause the greatest impacts 
on forest health and sustainability. Various manage-
ment actions and policies could then be prescribed 
to help adapt to and/or mitigate the most potentially 
damaging threats. In exploring the local threat indices, 
potential interactions need to be considered as well 
as which threats are most likely to alter urban forest 
structure. Enhancing urban tree cover can help miti-
gate some threats. Reductions in local air temperatures 
from urban trees will have some of the greatest im-
pacts, as not only is increased air temperature a direct 
threat but it can also affect other threats (e.g., pests, 
wildfire, aridity). Enhanced tree cover can also reduce 
the impacts of other threats such as increased pre-
cipitation (through interception and reduced runoff) 
and storm damage (through reduced wind speeds). In 
some cases, increased tree cover can increase potential 
damage (e.g., from ice storms), but proper tree man-
agement and care could help reduce these risks. A goal 
of local management could be to sustain healthy tree 
cover to provide benefits to society with consideration 
of species selection, location, and tree health to min-
imize potential damages and loss from local threats. 
Management actions would likely vary depending on 
the greatest local threats.

One of the dominant factors affecting tree cover loss 
is urban development. Urban tree cover in the United 
States and globally has been on the decline while im-
pervious cover has increased (Nowak and Greenfield 
2018a, 2020). In areas with high projected tree cover 
losses, management could focus on understanding the 
causes of loss and mitigating those causes. Efforts could 
focus on tree preservation, ensuring adequate space for 
trees, tree planting, facilitating natural regeneration, 
and the maintenance of trees in developing areas.

Climate changes (temperature, precipitation, and 
aridity changes) will affect species health and mor-
tality in the coming years. Management efforts could 

focus on ensuring future species selections are adapted 
to these changing environmental conditions. As urban 
heat islands already create warmer conditions, studying 
trees in urban areas may give an indication of which 
tree species will perform well under future warmer 
conditions (e.g., Carreiro and Tripler 2015). Although 
some climate changes will be gradual, there will also 
be more intense shorter-term events that trees must en-
dure (e.g., droughts, floods, heat waves, storms, etc.). 
Managers could adapt site conditions and maintenance 
to help mitigate some of these effects (e.g., enhance 
water drainage from sites, watering trees). Also, trees 
could be used to help mitigate some of the future cli-
mate changes (e.g., reducing air temperatures through 
shading and transpiration, reducing runoff through 
rainfall interception, and increasing stormwater infil-
tration into soils) which affect both human and forest 
health and well-being. Sea level rise is another outcome 
of climate change. Although urban forests can do little 
to lessen rising sea levels, urban forest species selec-
tions could be shifted toward more salt-tolerant spe-
cies and forest designs (e.g., mangrove forests) could 
be implemented to mitigate damage from storm winds, 
storm surge, and wave action (Spalding et al. 2014).

In areas of high wildfire risks, urban forests could be 
managed to reduce risk by ensuring adequate watering 
to minimize drought effects, maintenance to sustain 
tree health, removal of dead trees and fuel loads, and 
forest designs to minimize fire spread to structures.

Regarding areas with high risk of flooding, species 
in flood plains could be selected to be tolerant to water-
logged conditions, sites could be designed to reduce 
stormwater runoff and minimize flooding potential, 
and tree debris could be cleared from sites to prevent 
clogging of drains or potential damming of streams.

Urban forests can also be managed to reduce storm 
damage. By maintaining healthy and strong trees that 
can withstand strong winds or ice accumulation, storm 
damage can be reduced. In addition, it is important to 
consider that trees in urban areas reduce wind speeds 
(e.g., Giometto et  al. 2017) and thus could poten-
tially protect people and property from high winds in 
urban areas. However, for some storm intensities (e.g., 
Category 5 hurricanes, tornadoes), wind speeds are so 
intense that forest management activities can do little 
to limit storm damage.

Numerous insects and diseases continue to threaten 
urban forest health. By understanding local forest 
composition in relation to local insect and disease 
populations, pest threats can be better evaluated and 
addressed. Matching local forest composition and 
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local pest risks can be assessed using i-Tree Eco (www.
itreetools.org) in the United States (e.g., Nowak et al. 
2018) and is being assessed within the Forest Service’s 
Urban Forest Inventory and Analysis program (Edgar 
et al. 2021). Management to reduce pest populations 
can reduce risk but sustaining forest health and shifting 
species composition away from susceptible species can 
also reduce the potential impact of many pests.

Changes in urban forests are based on a continuous 
input of human and natural processes. Many natural 
processes (e.g., storms, pests, climate, fire) are changing 
due human actions that affect climate and movement of 
pests. Given changing natural processes, human actions 
(i.e., management, planting) could adapt to help sustain 
forest health and benefits, as well as help mitigate the 
impacts of and enhance adaptation to changing future 
threats. These human actions include species selection, 
tree locations, and management actions (e.g., pruning) 
to enhance tree health and mitigate potential damage to 
trees and the surrounding urban landscape.

Conclusion
Urban forests will face numerous threats that can alter 
forest health and diminish the forest capacity to produce 
benefits to society. These threats vary depending on lo-
cation, but cumulative threats tend to be more preva-
lent in the eastern United States, where the most US 
urban land is and most of the population resides. As the 
urban forest composition, conditions, and threats vary 
locally, the forest vulnerability to threats will vary, as 
will cities’ abilities to adapt to these threats. As any one 
individual threat can cause potential damage to forest 
health, local threats need to be evaluated. Various limi-
tations exist due to the assumptions used in creating 
the individual and cumulative threat indices, but these 
indices can be used to better understand the numerous 
threats to urban forests. By understanding the poten-
tial local threats, forest management plans and policies 
can be devised to help adapt to and/or mitigate these 
threats and sustain healthy and functional urban for-
ests for current and future generations.
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