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Trees in residential neighborhoods and communities provide benefits for homeowners that are capitalized into
residential property values. In this paper, we collected data from hedonic property value studies and merged
these data with ancillary spatial data describing forest and socio-economic characteristics surrounding each
study area to conduct a meta-analysis of the impact of tree canopy cover on the value of residential properties.
The meta-analysis suggests that property-level tree cover of about 30% and county-level tree cover of about
38% maximize the implicit price of tree cover in property values. Currently, tree cover in the original study
areas was about 14%, on average, around or near study properties. The empirical results, therefore suggest
under investment of tree cover on private property from the perspective of individual property owners and
from a societal perspective. The findings also have implications for community forest programs regarding plant-
ing trees and protection of mature trees to address potential changes in tree abundance, species diversity and
stand age due to development and climate change.
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1. Introduction

Tree cover, the land area covered by tree crowns, in residential
neighborhoods is an environmental attribute that provides a suite of
ecosystem services (e.g., landscape esthetics, wildlife habitat, energy
conservation, stormwater control) to homeowners and communities
(Nowak et al., 2010). Most trees in urban and suburban neighborhoods
are located on private property where the costs of tree planting and
maintenance are borne by homeowners, while the benefits of trees
can be enjoyed by the greater community. The disparity between who
pays the costs (homeowners) and who receives the benefits from
trees on privately-owned property (homeowners and the community)
suggests that the level of tree cover on privately-owned landmay be so-
cially sub-optimal. A better understanding of the costs and benefits of
trees, within the context of multiple social-ecological settings (Pickett
et al., 2011), can help community planners design tree planting and
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protection programs to improve the quality of life for people and justify
the costs of such programs.

Although the economic benefits of tree canopy cover (tree cover
hereafter) are not directly priced, one component of their economic
value, the implicit value to property owners, can be estimated using
hedonic property value models. Hedonic models decompose the total
price paid for a property into the “implicit” prices of property character-
istics. The implicit price of a characteristic, such as the amount of tree
cover, is the amount home buyers pay for a small change in the level
of the characteristic, holding all other property characteristics constant
(Taylor, 2003).

Previous hedonic studies have found that the value of forested areas
varies with the degree of forest fragmentation and urbanization. For
example, larger forest patches are valued more in the urban core,
while a more fragmented and diverse landscape is preferred in rural–
urban interfaces (Cho et al., 2008). Trees are valued more in areas
where they are scarce and less so in heavily forested areas (Netusil
et al., 2010). Large trees with full canopies have been shown to enhance
retail settings (Wolf, 2004) and large shade trees are preferred by
residents in areas with hot summers (Schroeder et al., 2006). Temporal
variations of the value of trees has also been observed by Cho et al.
(2009) where the amenity value of trees increased over time with
declining forest patch size and density.

Forested areas can also present real or perceived risks that lower
property values. Locations that have experienced or where there are
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perceived risks from forestfires or invasive pests attacking treesmay re-
sult in homes located near forested areas having lower values (Holmes
et al., 2006;Huggett, 2003; KimandWells, 2005; Stetler et al. 2010). The
effects on property prices from risks due to forest pest infestations may
be widespread in the United States: the hemlock wooly adelgid in the
northeast, the emerald ash borer in the Midwest, and the mountain
pine beetle in thewest. The forest-fire effectmay bemore geographical-
ly concentrated in the western United States where there are frequent
large forest fires that pose risks to residences. In addition, a suite of
socio-economic, cultural, and lifestyle factorsmay influence the diversi-
ty and spatial extent of trees in urban and suburban landscapes (Hope
et al., 2003; Troy et al., 2007).

In this paper, we present a meta-analysis of hedonic property value
studies that have estimated the relationship between tree cover and
residential property values across the U.S. A meta-analysis is the sys-
tematic examination of research results from multiple studies to learn
what the results of the studies collectively imply. In addition, meta-
analyses allow insights that may not be possible from a single study.
For any given study, the range of an attribute that is observed to support
estimation may be limited while greater variation may be observed
acrossmultiple studies. For example, in the context of the current appli-
cation, a limited range of tree cover might be observed for any individ-
ual study and larger variation in tree cover might be observed over
multiple studies. In addition, a meta- analysis can consider geographic
and demographic differences in studies that are fixed for any single
study, e.g., tree cover and the local population in the area where the
studies were conducted. Thus, the meta-data from previous hedonic
studies of tree cover are augmented with auxiliary county-level tree
cover and tree age data from the U.S. Forest Service. Spatial variation
across studies is also controlled by including U.S. Bureau of Census
data on population and income.

The meta-analysis includes two measures of tree cover: (1) tree
cover on and near residential properties and (2) county-level cover in
the county where the residential properties are located. Linear and
square terms for these variables allow for nonlinear relationships be-
tween implicit prices and tree cover. The empirical results indicate
that both measures of tree cover have positive, nonlinear, and statisti-
cally significant effects on residential property values. The results reveal
that the density of county-level tree cover that maximizes implicit prices
(38%) is greater than the density of property-level tree cover on or near
residential properties that maximizes implicit prices (30%). This pattern
of results supports the intuition that the investment of tree cover on pri-
vate land may be sub-optimal from a social perspective.

We suggest that this type of assessment and the consequent knowl-
edge of the implicit value of tree cover are of timely importance in light
of two trends that can acutely affect the extent, composition, and pro-
ductivity of urban and peri-urban forests in the comingdecades: climate
change and urbanization. It is thought that climate-induced migration
and redistribution of tree species might extirpate some tree species in
some areas as well as cause shifts in tree diversity, stand age, species
predominance, and the overall number of trees (Iverson and Prasad,
2001; Prasad et al., 2009; Woodall et al., 2009). In addition, changes in
climate may increase the frequency and severity of forest fires, insect
and disease outbreaks, and extreme weather events that can affect
tree health and abundance and ultimately the extent of tree cover
(Dale et al., 2001; Bentz, 2008; Frankel, 2008). Compounding climate
change effects is the loss of trees to development and urbanization.
Nowak and Greenfield (2012) looked at 20 major U.S. cities during the
mid to late 2000s and found that tree cover was declining at a rate of
about 0.27% per year while impervious surface cover was increasing at
about 0.31% per year. When the researchers extrapolated the loss rate
across urban areas of the conterminous United States, they determined
that aggregate annual loss of tree cover is substantial, about 7900 ha or
roughly 4 million trees. Communities attempting to stabilize and
enhance tree cover, particularly on private residential property where
the bulk of existing tree cover and tree planting opportunities exist,
need objective information on the economic value of tree cover to
help justify their efforts.

2. Conceptual Framework

Hedonic price functions of residential property sales represent the
sale prices of properties, agreed to by willing sellers and buyers, as
functions of property characteristics:

HP ¼ f PC; SC; LC; EC : βð Þ þ e ð1Þ

where HP is the sale price of properties, PC is property characteristics
(e.g., acreage), SC is structure characteristics (e.g., square feet of living
area in a residence), LC is location characteristics (e.g., proximity to
schools), EC is environmental characteristics (e.g., tree cover), β is a
vector of coefficients to be estimated, and e is a random error term.
The implicit price (IPi) of any individual characteristic (ci) is:

IPi ¼ ∂HP ∙ð Þ
∂Ci

ð2Þ

The implicit price for tree cover is the dependent variable used in the
meta-analysis reported here.

The dependent variable in ameta-equation is often referred to as the
effect size. Although the standard practice is to explain variation in effect
sizes using only data on characteristics reported in the original study,
recent meta-analyses have used characteristics describing the spatial
context in the area surrounding the original study sites to enhance ex-
planatory power (Ghermandi and Nunes, 2013; Johnston et al., 2014).
In the current study, the effect size is the implicit price for tree cover
on and near a residential property; the implicit price constitutes the
effect on property sale prices from a change in tree cover. Because the
implicit value of tree cover may be influenced by the condition and
abundance of trees in the broader geographic area where people
work, shop, and recreate, we also include a vector of contextual ancillary
variables in the meta-analysis. Following this logic, a general specifica-
tion for the meta-equation is:

IP ¼ g Study Char;Context Char; θð Þ þ ε ð3Þ

where Study_Char is a vector of characteristics that describes original
studies, Context_Char is a vector of characteristics that describes the
spatial context surrounding the original study locations, θ is a vector
of coefficients to be estimated, and ε is a random error term.

When reviewing the hedonic studies that included tree cover as a
property characteristic, we found some studies that estimated positive
implicit prices, some that revealed negative implicit prices, and some
that found both positive and negative implicit prices. Thus, the first
step in the analysis is to estimate a selection model to see if a set of
study and context characteristics influencewhether positive or negative
implicit prices are observed for tree cover (Heckman, 1979). The selec-
tion model is:

Pr IP N 0ð Þ ¼ h Study Char0;Context Char0;γð Þ þω ð4aÞ

IPþ ¼ gþ Study Char;Context Char; θþ
� �þ εþ ð4bÞ

where ω is a random error term in the selection Eq. (4a) to predict if
studies report positive or negative implicit prices, the apostrophes in
the selection equation indicate different characteristics are included in
the selection Eq. (4a) and meta-equation (4b), the plus symbol in
Eq. (4b) indicates themeta-equation is estimated solely for positive im-
plicit price estimates (IP N 0), and γ and θ+are vectors of coefficients to
be estimated. Eq. (4a) predicts the probability that a positive implicit
price is estimated (versus negative) and Eq. (4b) is the meta-equation
for positive implicit prices. The selectionmodel allows a test of whether



70 S.D. Siriwardena et al. / Ecological Economics 128 (2016) 68–76
including only positive implicit price estimates will affect coefficient
estimates in the meta-equation.

3. Data

An extensive search of the literature identified 56 hedonic property
value studies that included measurements of either forest or tree char-
acteristics as explanatory variables.2 Most of these studies (44) were
conducted in the U.S., although we also identified studies conducted
in Canada, China, Denmark, Finland, France, and the United Kingdom.
The studies included peer-reviewed journal articles, MS and Ph.D. the-
ses, and working papers. There was no date restriction on the search,
and the search identified studies that were conducted over a span of
35 years.

From the global set of studies, we selected studies to be included in
the meta-analysis using the following criteria:

1st. Hedonic price functions must be based on sales of residential
properties (i.e., studies based on commercial sales, rental rates,
tax assessments, etc. were excluded.)

2nd. Studies must have been conducted in the U.S. This criterion facili-
tated the compilation of ancillary variables. In addition, there are
only a small number of studies conducted outside of the United
States and these studies were conducted in a number of different
countries.

3rd. The unit of measurement for trees must be tree cover on or
surrounding each sold property, while excluding studies based
on other forest metrics (e.g., distance from homes to the nearest
forest).3

4th. Studies must include adequate information to permit calculation
of the implicit price andmean level of tree cover for the study area.

These conditions reduced the number of usable studies to 15. Of
these studies, 13 included multiple implicit-price estimates resulting
in a total of 106 observations for the meta-analysis.4 All implicit-price
estimates from each study are included in the data used to estimate
the meta-equation with one exception. Any observation related to
unhealthy trees due to disturbances such as forest fires or invasive
pest outbreaks is not included in the analysis (e.g., observations for
defoliated and dead hemlocks in Holmes et al. (2010) are excluded).
Thus, the negative implicit prices would not be the result of trees with
compromised structure or health.

The hedonic studies gleaned from the literature and those selected
for the meta-analysis are broadly distributed across the United States
(Fig. 1). As noted above, the data include observations on the implicit
value of tree cover as an amenity (positive implicit price estimates;
n = 68) and as a disamenity (negative implicit price estimates; n =
38). Eight studies reported both positive and negative implicit price
estimates.

To satisfy the condition that the estimated meta-equation must be
based on a dependent variable measuring a common effect size, the
marginal implicit prices (IP) for all included observationswasmeasured
as the change in property prices due to a 1 % change in tree cover. Stud-
ies used a variety of functional specifications of the hedonic equation
(see “Model” column in Table 1). For the studies that specified a linear
2 The study identification process included a search of relevant databases including
AgEcon Search, CABDirect, and Google Scholar.We appreciate a reviewer brings one study
to our attention that was not revealed in this search.

3 None of the other forest metrics were represented in a sufficient number of studies to
support separate meta-analyses.

4 Multiple observations come from studies that estimated more than one functional
form of the hedonic price model, studies that estimated separate models for tree cover
inmultiple neighborhoods, and studies that estimated separatemodels for different forest
types. For example, the Netusil et al. (2010) study provided 12 observations from quadrat-
ic and log–log models for tree cover at property and 5 sub-regions within the study area.
Holmes et al. (2006) estimated four separate models for tree cover (parcel level, 0.1 km
buffer, 0.5 km buffer, and 1 km buffer) for four different forest types, which resulted in
16 implicit-price estimates.
hedonic model as a function of the percentage of land area covered by
tree cover, the coefficient estimate for this variable is simply the mar-
ginal implicit price (e.g., Dimke, 2008). Whenever other functional
forms or other measures of tree cover were used in the hedonic
model, an alternative approach was used to compute the implicit prices
for a 1 % change in tree cover.

Using a specification with the natural log of the sale price as the de-
pendent variable in the hedonic equation as an example, let ln(P)=
β0+β1tc, where P is the sale price of properties, tc is the tree cover
measure, β1 is the parameter estimate on tree cover, and β0 is a
“grand constant” that captures the influence of all other variables in
the model specification. The steps to compute the implicit prices are:

Step 1: Calculatecβ0 ¼ lnðPÞ−β1tc, where P is the average sale price
and tc is the average tree cover from observations used to estimate the
study-specific hedonic equation.

Step 2: Using the computed value ofcβ0, calculate an adjusted housing

price (PA) for a 1% increase in tree cover: PA ¼ expðcβ0 þ ðβ1tc�1:01ÞÞ.
Step 3: Calculate the marginal implicit price as the difference be-

tween the adjusted and mean housing prices: IP ¼ PA−P

This process is also applied to log–log models (e.g., Netusil et al.,
2010) and quadratic functional forms (e.g., Stetler et al., 2010), while
making appropriate adjustments to the calculation where necessary.
The calculated implicit prices are then converted to 2013 dollars using
the Consumer Price Index (U.S. Department of Labor, Bureau of Labor
Statistics, 2015).

Percent tree cover (treecover) is the key independent variable in the
meta-equation, but this variable was not measured as a percentage for
all studies (see “UNIT” column in Table 1). The majority of studies
reported tree cover as a percentage or proportion (e.g. Holmes et al.,
2006; Dimke, 2008; Netusil et al., 2010), while others measure tree
cover in area units (e.g., hectares, square meters or square feet). For
latter studies, the tree cover measures are converted to percentages in
the following manner:

Step 1: Calculate A=πr2 where A is the area of neighborhood with
radius r within which the tree cover is measured.

Step 2: Calculate treecover=(B/A)*100 where B is the mean tree
cover within the respective neighborhood given in the original study.

This process is applied to calculate tree cover associated with differ-
ing buffer sizes used across and within studies (e.g. 250-m and 500-m
buffer areas in Stetler et al., 2010).

Ancillary data used in estimating the meta-equation were obtained
from five sources5:

1. County-level data on the percent of tree cover were obtained from
the U.S. Forest Service's Urban Forest Data (http://www.nrs.fs.fed.
us/data/urban/, accessed 04.15. 2013).

2. The presence of forest invasive species or pathogens was obtained
from the U.S. Forest Service's “Annual Insect and Disease Conditions
Reports” (http://wwwtest.fs.fed.us/r8/foresthealth/publications/
pubs_conditions.shtml, accessed 08.13.2013).

3. The proportion of total county acreage in forest land partitioned into
three age groups (young stands (b40 years), medium-aged stands
(40 to 119 years) and old stands (N120 years) were obtained from
U.S. Forest Service's Forest Inventory Data Online (FIDO) (http://
www.fia.fs.fed.us/tools-data/, accessed 04.16.2013).

4. County-level data on the annual number of days with temperatures
exceeding 90 °F were obtained from NOAA's National Climatic Data
Center (http://www.ncdc.noaa.gov/cdo-web/, accessed 08.13.2013).
5 For studies that used a county as the study area, ancillary data were collected for the
county. For community-based studies, ancillary data for the countywhere the community
is locatedwere obtained. For studies that encompassedmultiple counties, county level av-
erages of ancillary data were used in the analysis.

http://www.nrs.fs.fed.us/data/urban/
http://www.nrs.fs.fed.us/data/urban/
http://wwwtest.fs.fed.us/r8/foresthealth/publications/pubs_conditions.shtml
http://wwwtest.fs.fed.us/r8/foresthealth/publications/pubs_conditions.shtml
http://www.fia.fs.fed.us/tools-data/
http://www.fia.fs.fed.us/tools-data/
http://www.ncdc.noaa.gov/cdo-web/


Fig. 1. Geographic distribution of hedonic property value studies conducted in the United States that include tree variables as property characteristics. Note: a star or dot on the mapmay
represent the location of more than one study. Tree canopy cover data are from Homer et al. (2007).
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5. Data on socio-economic variables (population density and income)
were obtained from the US Census Bureau (http://quickfacts.
census.gov/qfd/index.html, accessed 06.12.2013).

The inclusion of these data in the meta-equation helps to control for
spatial differences across the original hedonic studies that might influ-
ence estimated implicit prices beyond the characteristics of the hedonic
studies themselves. These locational characteristics would likely be
fixed (invariant) for any individual study.

This auxiliary data is important because previous studies have
found evidence that tree cover in the vicinity of properties influ-
ences property values (e.g., Holmes et al., 2006, 2010; Sander
et al. 2010; Netusil et al., 2010). For example, Cho et al. (2011)
found that forest cover at a distance of 1.5 miles from a property
had significant effects on property values. That is, thinking broadly
of the community where people work, shop, and recreate, tree
Table 1
Summary of hedonic property value studies used in the meta-analysis.

Publication Study characteristics

Year Positive Negative Positive &
significant

Negative &
significant

Unit

Cho et al. 2011 0 1 0 0 Area
(acre

Coley 2005 1 0 1 0 Area
Dimke 2008 6 0 5 0 Perce
Drake-McLaughlin and
Netusil

2011 3 3 3 3 Propo
4 2 2 2 Propo

Holmes et al. 2006 10 6 7 2 Perce
Holmes et al. 2010 9 7 2 0 Perce
Huggett 2003 0 6 0 2 Perce
Kim and Wells 2005 1 1 1 1 Area
Mansfield et al. 2005 4 0 4 0 Propo
Netusil et al. 2010 2 4 1 4 Perce

5 1 3 1 Perce
Paterson and Boyle 2002 3 0 0 0 Perce
Price et al. 2010 3 0 3 0 Perce
Sander et al. 2010 9 3 4 1 Perce
Sander and Haight 2012 5 1 4 0 Perce
Stetler et al. 2010 3 3 2 1 Area

Column label definitions are as follows: Year = publication year, Positive = # of positive impl
significant at 10% level, Negative & significant = # of negative significant at 10% level, Unit =
cover = average percent of tree cover on or near property, Average county cover = average
price = average sale prices ($2013).
cover from a larger area than immediately around a property may
affect property values.

The presence of forest pests can affect the quality of tree cover and
are included to control for the potential negative effect on implicit
prices. As implicit prices are excluded from studies that specially fo-
cused on the effects of forest pests on property values, this variable is
best thought of as representing the risk that trees might be exposed to
forest pests in the study areas.

The age of trees and temperature data are included to represent
the amenity value of tree cover: older stands would have more tree
cover and thus more shade, which might be more desirable in hot-
ter climates. At the same time, older trees may develop structural
defects, which might pose a risk (disamenity) of property damage
or personal injury in the event of inclement weather.

Population and income can potentially affect whether trees are an
amenity or disamenity and thereby affect the value that property
Model Average tree
cover

Average county
cover

Average selling
price

s)
lnP = β0 + β1 lnX 24% 36% $233,588

(ft2) lnP = β0 + β1X 2% 50% $137,658
ntage P = β0 + β1X 26% 27% $186,947
rtion lnP = β0 + β1X + β2X

2 25% 45% $24,576
rtion lnP = β0 + β1X + β2X

2

+ β3XZ
ntage lnP = β0 + β1X 8% 66% $494,894
ntage lnP = β0 + β1X 8% 66% $230,176
ntage lnP = β0 + β1X 9% 41% $128,470
(m2) P = β0 + β1X 16% 13% $236,608
rtion P = β0 + β1X 30% 54% $196,699
ntage lnP = β0 + β1X + β2X

2 14% 45% $236,961
ntage lnP = β0 + β1 lnX
ntage lnP = β0 + β1X 61% 52% $295,048
ntage lnP = β0 + β1X 37% 42% $482,959
ntage lnP = β0 + β1X 15% 17% $343,098
ntage lnP = β0 + β1X 14% 16% $380,596
(ha) lnP = β0 + β1X + β2X

2 14% 50% $310,132

icit prices, Negative = # of negative implicit prices, Positve & significant = # of POSITIVE
tree cover measurement, Model = functional form of hedonic equation, Average tree

percent of tree cover in the county where the properties are located, and average selling

http://quickfacts.census.gov/qfd/index.html
http://quickfacts.census.gov/qfd/index.html
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purchasers place on tree cover. These socioeconomic variables and
the other ancillary variables discussed above are likely to be fixed
for any given hedonic study, but vary spatially across studies and
provide the potential for a meta-analysis to provide insights on the
value of tree cover beyond what can be observed in any single
hedonic study.

4. Model Specification

The first model to be estimated is the selectionmodel (Eqs. (4a) and
(4b)). The selection Eq. (4a) is specified as:

h Z;γð Þ ¼ ϒ0 þϒ1onpropþϒ2onprop �medtreesþ ϒ3onprop � oldtrees
þϒ4onprop � invasiveþ ϒ5onprop � tempþ ϒ6popdensity

þϒ7medianincomeþω
ð5aÞ

where Z is a vector of study and context characteristics, and γ is a vector
of coefficients to be estimated. Each of the variables listed in Eq. (4a) is
defined in Table 2. The dependent variable is binary and indicates if an
implicit price is positive (=1) or negative (=0), and the selection equa-
tion is specified as a probit. The selection equation includes an explana-
tory variable (onprop) delineatingwhether the tree covermeasure is on
a property (=1) or includes tree cover near a property (=0), and this
variable is interacted with other variables that may influence whether
Table 2
Definitions and summary statistics of variables used to estimate selection equation and meta-e

Variable Description

Dependent variable in selection equation
amenity 1 if implicit price (IP) is positive and 0 if IP is negative

Dependent variable in meta-equation
IP Implicit price of tree cover for a 1% increase ($2013)

Independent variables
onprop 1 if treecover on property, 0 otherwise

medtreesa % of county forests aged 40 to 119 years

oldtreesa % of county forests aged 120 years or older

invasive 1 if invasive species or pathogen, 0 otherwise

temp Annual days with temperature above 90 °F

popdensity County population density (people/mile2)

medianincome County median income

treecover % tree cover on or near property

ctreecover % county-level tree cover

houseprice Mean sale price of properties ($2013)

easternb 1 if study area is east of Mississippi River, 0 otherwise

pacificnwb 1 if study area is in Oregon or Washington, 0 otherwise

signif 1 if tree cover significant at 10% level, 0 otherwise

Minimum and maximum of the variables are given in parenthesis.
a Percent of county forest below 40 years of age is the omitted category.
b Omitted category includes the following study locations in the mountain west: Greate

and Missoula Counties, Montana.
tree cover is viewed as an amenity or disamenity (medtrees, oldtrees,
invasive, and temp). As noted previously, older trees may provide
shade, but also potentially pose a greater risk of damage or injury. Inva-
sive tree pests may affect the amenity value of trees and may increase
the risk of tree breakage. Higher temperatures may create a desire for
more tree shade for outdoor comfort and air conditioning savings,
while lower temperatures may create a desire for less tree shade to
allow winter sunlight to heat the home and hasten melting of ice and
snow. Population density and median income are included to consider
if these demographic characteristics affect whether tree cover is viewed
as an amenity.

The meta-Eq. (4b) is specified as:

gþ X; θþ
� � ¼ θþ0 þ θþ1 treecoverþ θþ2 treecover

2 þ θþ3 ctreecover
þθþ4 ctreecover

2 þ θþ5 housepriceþ θþ6 easternþ θþ7 pacificnw
þ θþ8medtreesþ θþ0 oldtreesþ θþ10signif þ θþ11popdensity
þ θþ12medianincomeþ εþ

ð5bÞ

where all variables are defined in Table 2 and the θi+ are coefficients to
be estimated. The dependent variable is the consistent measure of the
implicit price (effect size) explained in the previous section. The
treecover variable represents the tree cover variable from the original
hedonic models, and ctreecover is included to consider if tree cover in
the greater study area where people work, shop, and recreate also
quation.

Positive observations (IP N 0)
Mean
(min, max)

Negative observations (IP b 0)
Mean
(min, max)

0.64
(0.00, 1.00)

NA

$239.41
($0.32, $2696.15)

-$156.26
(−$895.94, −$0.04)

0.35
(0.00, 1.00)

0.40
(0.00, 1.00)

69
(8, 91)

64
(45, 91)

11
(0.00, 44)

16
(0.00, 44)

0.80
(0.00, 1.00)

0.70
(0.00, 1.00)

15
(0.00, 76)

14
(3, 45)

886
(7, 2715)

1245
(7, 2715)

$56,084
($34,000, $81,330)

$53,911
($35,613, $81,330)

14
(0.10, 61)

12
(0.00, 40)

44
(13,66)

48
(13, 66)

$285,138
($24,576, $494,894)

$249,200
($24,576, $494,894)

0.69
(0.00, 1.00)

0.47
(0.00, 1.00)

0.21
(0.00, 1.00)

0.42
(0.00, 1.00)

0.66
(0.00, 1.00)

0.47
(0.00, 1.00)

r Flagstaff area, Arizona; Grand County, Colorado; and Flathead, Lake, Sanders, Lincoln
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affects the implicit value of tree cover on or near a property. Both of
these variables are included as linear and squared terms (treecover2

and ctreecover2) to allow for nonlinear relationships between the im-
plicit value and the tree cover measures.

The mean value of house prices (houseprice) from the original
hedonic studies is included to see if implicit values of tree cover are
affected by selling prices of properties. Binary variables for studies
conducted in the eastern U.S. and Pacific Northwest are included to
control for spatial fixed effects in different areas of the country
(e.g., the risk of forest fires). The omitted category includes studies
conducted in the mountain west. Tree age is included because the
age of trees affects the size of the crown and could affect the implicit
price of tree cover. The omitted category is young trees (b40 years of
age). Finally, a variable is included to see if the significance of
implicit price estimates in the original hedonic studies affects the
magnitudes of the estimates in meta-equation; all implicit price
estimates, statistically significant and insignificant, from the hedonic
studies are included in the meta-data.

The selection model estimates Eqs. (5a) and (5b) jointly
(Wooldridge, 2002), and we conducted a test for the presence of
selection from only using studies with positive implicit prices in
the estimation of Eq. (5b):

Ho : ρ ¼ 0 vs Ha : ρ≠ 0 ð6Þ

where ρ is the correlation between the error terms in Eqs. (5a) and
(5b) (ω and ε+, respectively). If the null hypothesis cannot be
rejected, then the meta-equation (5b) can be estimated solely,
without the selection equation.

A number of robustness analyses are conducted to provide insight
into how much confidence can be placed in the meta-equation coeffi-
cient estimates and thus conclusions drawn from the meta-analysis.
Given that most studies provided multiple implicit-price estimates
and these multiple estimates from individual studies cannot be as-
sumed to be independent observations, the meta-equation is estimated
using OLS, study fixed effects, random effects and multilevel mixed-
effects. In addition, horizontal robustness checks, excluding individual
observations or studies (groups of observations) are also conducted
(Boyle et al., 2013). The primary focus of these robustness analyses is
to consider if the exclusions of observations from the data affects the
estimates of the coefficients on treecover and ctreecover. The results of
these robustness analyses are reported below.
5. Results

Summary statistics for the variables used in the estimation are
reported in Table 2. These data indicate that 64% of the observations
have positive implicit prices. Of the studies with positive implicit
prices, the average implicit price for a 1% change in tree cover is
$239, and the comparable figure for negative implicit prices is −
$156. Values of the variable treecover for the positive implicit prices
range from 0.1% to 61% and the comparable range for negative
implicit prices is 0% to 40%.
6 To account for multiple observations from most studies, we estimated the meta-
equation using fixed-effects, random-effects, and mixed-effects estimation. The fixed-
effects estimation did not work because of collinearity issues. The random-effects and
mixed-effects estimations did not change the quantitative and qualitative results for the
meta-equation coefficient estimates.

7 We estimated themeta-equation using negative implicit prices as the dependent var-
iable and none of the explanatory variables were significant.

8 This is an interesting outcome when compared to the result from the selection equa-
tion reported in the Appendix. Older trees increase the probability of a negative implicit
price, but also increase the magnitude of positive implicit prices. These results suggest
the concurrent amenity/disamenity of older trees; more shade and a desirable esthetic,
but higher perceived risks with more maintenance costs.
5.1. Selection Equation

Estimation of the Heckman sample selection model (Eqs. (5a) and
(5b)) resulted in the conclusion that the null hypothesis of no correla-
tion (Eq. (6)) could not be rejected (p = 0.93). As there is no sample
selection, the primary focus of the analyses reported in this paper is
the meta-equation. The results from the estimation of the Heckman
selection equations are reported in the Appendix A.
5.2. Meta-equation Estimation Results and Discussion

The meta-equation is estimated withWhite's consistent standard
errors (Nelson and Kennedy, 2009).6 In this estimation, we found
that popdensity and medianincome were insignificant. This is driven
in large part by the study-specific auxiliary data being correlated,
which reduces the efficiency of the estimation of all coefficient esti-
mates. Thus, we test the null hypothesis that the coefficients on
popdensity and medianincome are jointly insignificant in the meta-
equation:

Ho : θþ11 ¼ θþ12 ¼ 0 vs Ho : θþ11 ≠ 0; θþ12 ≠ 0 ð7Þ

We could not reject this null hypothesis (F= 2.11, p = 0.13). Given
this result, the estimation results reported here are for Eq. (5b)with the
popdensity and medianincome variables excluded.7

The treecover, treecover2, ctreecover and ctreecover2 variables all have
significant coefficient estimates (Table 3). The linear terms of these var-
iables have positive coefficient estimates and the squared terms have
negative coefficients. This supports the intuition from previous research
that people value tree cover up to a point, but beyond this point tree
cover declines in value. This could occur for a variety of reasons,
including:

• some shade is good, but toomuch shade blocks sunlight for lawns and
passive solar heating;

• tree cover provides privacy, but too much cover may hamper home
security or obscure vistas;

• trees make a homemore attractive, but too much tree covermay lead
to buildup of mildew and algae on exterior structures and excessive
cleanup of leaves and litter;

• trees attract watchable wildlife, but too much tree cover may attract
nuisance wildlife;

• trees provide cover from harsh wind and rain, but may break apart in
inclement weather or create a wildfire hazard;

There could be a variety of other explanations, but these considerations
are consistent with what other investigators have found.

It is interesting to note that the implicit prices of tree cover are
higher for eastern study sites (eastern) than for mountain west study
sites (the omitted category in the estimation), and implicit prices for
Pacific Northwest studies are not significantly different from mountain
west studies. This difference could be due to a higher risk of forest
fires in the mountain west and Pacific Northwest, a preference for
more vistas in the west, a preference for more privacy in the east, or
other explanations.

The coefficient for older forests (oldtrees) is positive and significant,
indicating significantly higher implicit prices for study sites with older
versus younger forests (the omitted category) in the county where the
studies were conducted. This suggests people value living in areas of
mature forests that providemore shade andmay be visually appealing.8



Table 3
Meta-equation coefficient estimates (positive implicit prices, IP+).

Variables Coefficient estimates

treecover 22.32⁎

(12.64)
treecover2 −0.37⁎⁎

(0.18)
ctreecover 84.10⁎⁎

(35.94)
ctreecover2 −1.11⁎⁎

(0.47)
houseprice −0.0002

(0.0007)
eastern 1393.97⁎⁎

(681.76)
pacificnw 351.75

(239.73)
oldtrees 41.07⁎⁎

(17.66)
medtrees 5.08

(4.63)
signif 100.54

(98.15)
intercept −2971.9⁎⁎

(1176.81)
n 68
R 2 0.27

Robust standard errors are given in parentheses.
⁎ Indicates significance at the 10% level.
⁎⁎ Indicates significance at the 5% level.
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5.3. Tree Cover than Maximizes Property Values

Using the results shown in Table 3, the levels of treecover (tc) and
ctreecover (ctc) that maximize implicit prices were computed as:

∂IPþ

∂tc ¼ 0 and
∂IPþ

∂ctc ð8Þ

The level of treecover that maximizes implicit prices is 30% with a
standard error of 15% and the comparable level for ctreecover is 38%
with a standard error of 3%.9

It is worth noting that treecover ranges from 0.1% to 61% in the data
used to estimate the meta-equation and the comparable range for
ctreecover is 13% to 66% (see Table 2). Thus, the levels of treecover and
ctreecover that maximize implicit prices are within the observed data
on tree cover. Increasing tree cover beyond these levels does not result
in a negative implicit price; it is just that the implicit prices decline from
their maximum values.

An additional consideration is that the mean value of treecover is
14% (Table 2), while the value that maximizes implicit price for this
variable is 30% (more than one standard deviation below the value
that maximizes implicit prices). Further, 14% tree cover on or near
a property is much less for tree cover in the county where the prop-
erties are located (44%, Table 2). These relationships support the no-
tion that individual property owners underinvest in trees on their
property from both the perspective of individual property owners
and a societal perspective.
9 The standard errors were approximated using the Marcov Chain Monte-Carlo
(MCMC) approach using the Gibbs sampler (Plassmann and Khanna, 2007). This method
generates a large number of samples from posterior distributions of coefficient estimates
for treecover and ctreecover and posterior distributions of turning points of treecover and
ctreecover that maximize the implicit prices. Posterior means and standard deviations
are calculated for these finite sample approximations of the sampling distribution of the
levels of treecover and ctreecover that maximize implicit prices.
5.4. Robustness of Meta-equation Coefficient Estimates

Conducting robustness checks in any empirical analysis is always
important, but it is particularly important for this analysis when estima-
tion is donewith only 68 observations.With a small sample size, a single
observation or group of observations (study) has the potential to influ-
ence estimation results.

Removal of single observations and re-estimation of the meta-
equation did not inducemajor changes in the estimates of the key coef-
ficients for treecover, treecoversq, ctreecover and ctreecoversq. None of
these coefficient estimates changed sign, the average change in the
magnitude of the estimated coefficients for these variables is only 4%,
and there were three occurrences where treecover and treecoversq
became insignificant (Table 4). The only variable that exhibited
substantial sensitivity to removing observations is houseprice with an
average effect of 19%, but this variable is insignificant in the original
meta-equation reported in Table 3 and only becomes significant in
two instances in the observation-removal robustness analysis.

In contrast, all coefficient estimates for treecover, treecoversq,
ctreecover and ctreecoversq exhibited more variability when studies
(sets of observations) are removed from the estimation. Recall,
there are thirteen studies with positive implicit price estimates and
the number of observations range from one to ten per study
(Table 1). Here the coefficient estimates for treecover, treecoversq,
ctreecover and ctreecoversq sometimes changed significance or sign
up to two times; the average change in coefficient estimates ranges
35% (treecover) to 56% (ctreecover) (Table 5).

Given these study sensitivity results, it is logical to ask which studies
are affecting the estimation. This analysis is conducted by looking at the
changes in the level of tree cover that maximizes implicit prices
(Table 6). Recall the level of treecover that maximizes implicit prices,
based on the full estimates with all observations, is 30% and the compa-
rable value for ctreecover is 38%. The goodnews is that only three studies
resulted in changes of the level of treecover by more than 10%, but the
bad news is that the effects were quite large: 51% (Holmes et al.,
2006), −26% (Netusil et al., 2010) and −11% (Drake-McLaughlin and
Netusil, 2011). The effects on the level of ctreecover were generally
smaller; again, two studies resulted in greater than 10% changes in the
maximum implicit price(−13% — Holmes et al., 2006 and 15% —

Holmes et al., 2010). It is important to note that studies with the largest
percentage deviations in the levels of treecover that maximize implicit
prices, when their observations are removed from the estimation,
have some of the largest numbers of observations in the data (9 —

Holmes et al., 2006; 10 — Holmes et al., 2010; 7 — Netusil et al., 2010;
7 — Drake-McLaughlin and Netusil, 2011). The key insight from the
study robustness checks is that while coefficient estimates varied, in
most cases the linear and square term coefficient estimates moved in
a relationship that does not change the levels of treecover and ctreecover
that maximize implicit prices.

The violations of robustness do not imply that the influential
studies should be removed from the analysis, nor do they imply
that the meta-analysis results are invalid, but they do suggest that
the findings reported here should be interpreted as preliminary
and with caution. More studies are needed to add spatial breadth
and location-specific depth of implicit price estimates to confirm
the preliminary findings presented here. It is crucial that the future
studies focus on percent tree cover as the key variable so that the
new empirical estimates can be merged with the empirical estimates
used here to estimate a new meta-equation.

6. Conclusions

This study finds a nonlinear relationship between the implicit
value of tree cover and two types of tree canopy cover: tree cover
on or near a property, and tree cover in the county where a property
is located. This nonlinear relationship allows the computation of the



Table 4
Observation robustness (removing one observation at a time from estimation).

Variables Number of
times sign
changed

Number of times
significance changed
(at 10%)

Absolute, percent changes in
coefficient magnitudes
Average
(min, max)

treecover 0 3 4%
(0, 52)

treecover2 0 3 4%
(0, 39)

ctreecover 0 0 4%
(0, 21)

ctreecover2 0 0 4%
(0, 19)

houseprice 2 0 19%
(0, 177)

eastern 0 1 5%
(0, 52)

pacificnw 0 6 5%
(0, 40)

oldtrees 0 1 4%
(0, 31)

medtrees 0 2 7%
(0, 179)

signif 0 0 7%
(0, 55)

Minimum and maximum of the variables are given in parentheses.

Table 5
Study robustness (removing one study at a time from estimation).

Variable Number of
times sign
changed

Number of times
significance changed
(at 10%)

Absolute, percent changes in
coefficient magnitudes
Average
(min, max)

treecover 0 3 35%
(1, 97)

treecover2 2 2 46%
(3, 167)

ctreecover 1 1 56%
(1, 291)

ctreecover2 1 1 55%
(0, 294)

houseprice 5 1 225%
(4, 930)

eastern 2 2 65%
(6, 272)

pacificnw 1 2 66%
(2, 315)

oldtrees 1 2 59%
(7, 244)

medtrees 2 3 88%
(0, 443)

signif 0 0 19%
(0, 95)

Minimum and maximum of the variables are given in parentheses.

Table 6
Changes in implicit prices by study for study robustness.

Study Percent changes

treecover ctreecover

Coley (2005) 4% −2%
Dimke (2008) NA −2%
Drake-McLaughlin and Netusil (2011) −11% 1%
Holmes et al. (2006) 51% −13%
Holmes et al. (2010) 2% 15%
Kim and Wells (2005) 2% −1%
Mansfield et al. (2005) 0% 5%
Netusil et al. (2010) −26% 0%
Paterson and Boyle (2002) NA −3%
Price et al. (2010) −1% 1%
Sander et al. (2010) 2% −2%
Sander and Haight (2012) 1% −1%
Stetler et al. (2010) 7% −4%

NA indicates coefficient estimate of treecoversq and ctreecoversq have thewrong signs and
are insignificant so tree cover that maximizes implicit prices could not be calculated.
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amount of property-level and county-level tree cover that maxi-
mizes the implicit value of tree canopy cover: 30% for tree cover on
or near a property, and 38% at the county level. This pattern of results
suggests that property owners prefer more tree cover in the general
area where they work, shop and recreate, as a public good, than
on their own property, as a private good. This discrepancy may
be due to the fact that homeowners generally pay all of the
planting and maintenance costs and bear most of the perceived
risks (i.e., wildfire and storm damage) for trees located on their
property. When these costs and risks are either borne by other
private landowners, or are shared by all taxpayers for trees lo-
cated on public land, higher levels of county-level tree cover
are preferred.

The finding that the implicit value of tree cover is maximized at
about 38% for county-level cover is consistent with the often-cited
40% tree cover espoused by American Forests as an ecological goal for
communities on the East Coast and Pacific Northwest of the United
States. The average urban tree cover in the U.S. is currently about 35%
(Nowak et al., 2010). Therefore, in many areas, overall tree cover
could be rightly increasedwith a concomitant positive effect on residen-
tial property values.

The preference for old trees (more than 120 years old) found in
this meta-analysis is another interesting result. A simplistic view of
land development may be to cut down old trees and then plant new
ones upon completion of construction rather than invest in protec-
tion and restorative care of old trees; here again, this may be indic-
ative of underinvestment in community tree cover. These veteran
trees are much more ecologically valuable than young trees for car-
bon storage, air pollution abatement, stormwater interception, and
energy conservation, and these results provide evidence that they
have more amenity value too. Thus, communities might wish to
consider public outreach programs, zoning policies, and tax incen-
tives to protect and maintain older tress. Although such endeavors
come at a cost for the community, these costs might be recouped in
part through additional real estate tax revenues on higher-
appraising residential property.

While the findings of this study may be helpful to local officials
involved in planning community forestry programs, we expect that
decision-making by both community planners and households
will become more complex in the future due to various outcomes
anticipated from a changing climate. On the one hand, a hotter cli-
mate may increase the value of tree cover for its ability to shade
and cool homes. This preference may be most acute in urban
areas that are vulnerable to “heat island” effects. Further, tree can-
opy and forested riparian buffers intercept stormwater, helping to
mitigate the flooding and water quality effects of runoff. On the
other hand, climate change may increase the frequency and sever-
ity of extreme weather events, which could lead to an increase in
storm damage to trees, causing increased power outages and debris
cleanup costs. This may push communities to think twice about
maintaining large, mature trees in residential areas. Consequently,
the future may bring complex challenges to residential property
owners and community forest planners alike. Because tree-cover
considerations may vary by geographic location, preferences for
property-level and county-level tree cover may become even
more nuanced and, over time, local planners may find it useful to
engage residents to discuss and refine the goals of community for-
estry programs.
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Appendix A. Heckman Selection Equation Estimation

Table A1
Joint estimation of selection equation and meta-equation.
S

M

Variable
 Coefficient
election equation
 onprop
 3.27
(4.03)
onprop⁎medtrees
 0.003
(0.06)
onprop⁎oldtrees
 −0.19⁎⁎

(0.07)

onprop⁎invasive
 −2.87

(2.69)

onprop⁎temp
 0.01

(0.05)

popdensity
 0.0004⁎⁎

(0.0002)

medianincome
 0.00002⁎

(0.00001)

intercept
 −1.03

(0.71)

eta-equation
 treecover
 19.09

(11.92)

treecover2
 −0.33⁎

(0.17)

ctreecover
 49.23

(40.06)

ctreecover2
 −0.70

(0.51)

houseprice
 −0.002

(0.002)

eastern
 735.87

(1132.8)

pacificnw
 397.96

(667.9)

medtrees
 11.72

(8.55)

oldtrees
 19.53

(23.83)

signif
 112.53

(94.06)

popdensity
 −0.21

(0.15)

medianincome
 0.005

(0.02)

intercept
 −1696.32

(1151.4)

ρ
 −0.05

(0.52)
Robust standard errors are given in parentheses.
⁎ Indicates significance at the 10% level.
⁎⁎ Indicates significance at the 5% level.
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