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Abstract: Evidence of increased biotic disturbances in forests due to climate change is accumulating,
necessitating the development of new approaches for understanding the impacts of natural
disturbances on human well-being. The recent Mountain Pine Beetle (MPB) outbreak in the
western United States, which was historically unprecedented in scale, provides an opportunity for
testing the adequacy of the life satisfaction approach (LSA) to estimate the impact of large-scale
forest mortality on subjective well-being. Prior research in this region used the hedonic method (HM)
to estimate the economic impacts of the MPB outbreak, and results are used here to evaluate the
reasonableness of economic estimates based upon the LSA. While economic estimates based upon the
LSA model do not appear to be unreasonable, several limitations in using the LSA for nonmarket
valuations are discussed. New avenues for research that link the LSA with stated preference methods
are discussed that appear likely to address major concerns with standard LSA models as used in
nonmarket valuation.

Keywords: climate change; hedonic method; implicit price; quality of life; revealed preference;
shadow cost; subjective well-being

1. Introduction

Current scientific consensus, as reported in the recent U.S. National Climate Assessment, suggests
that climate change will affect forest health over slow and fast timescales, thereby decreasing the
ability of many forest ecosystems to provide desired ecosystem services across broad landscapes [1].
While gradual changes in climate (decades to centuries) will likely alter forest productivity and the
distribution of species, of more immediate consequence are rapid changes (months to years) in forest
health conditions resulting from alterations in the frequency, intensity, duration, and extent of natural
disturbances such as wildfires, insect outbreaks, and extreme drought [1,2]. In general, predictions
of expansions in biotic forest disturbances from climate change have been upheld, as evidenced by
recent outbreaks of spruce beetles in Alaska, mountain pine beetles (MPB) in the Rocky Mountains,
and southern pine beetles in the New Jersey Pinelands [3]. Of further concern is the compounding
effects of bark beetles and “hotter droughts” that have driven episodes of large-scale forest mortality in
the southwestern United States [4] and Sierra Nevada Mountains [5], killing tens of millions of trees
and altering ecosystem processes. Within the United States, amenity migration to the wildland–urban
interface is driving the fastest growing land-use [6], placing increasingly extensive areas of residential
landscapes at risk of massive forest mortality events driven by insect outbreaks.

Increasingly severe bark beetle outbreaks are not limited to the U.S., and are of growing concern
in Europe. Between 1950 and 2000, outbreaks of the European spruce bark beetle (ESBB) caused
an estimated 8% of tree mortality due to natural disturbances across the continent [7] and model
simulations predict that ESBB will cause more extensive damage to European forests during the next 100
years in response to warmer and dryer climatic conditions [8]. Equally important with continental scale
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climatic drivers of bark beetle damage, the replacement of natural mixed and deciduous forests with
extensive even-age conifer monocultures has contributed to the increase in bark beetle outbreaks [9].

Given the growing threat of more severe and extensive forest mortality events across North
America and Europe, societal adaptation strategies capable of delivering timely and effective responses
to changes in climate, land use, and the global distribution of forest pests will require improved
information regarding the linkages between forests and socio-economic systems [10]. Economic
metrics can help facilitate comparative analyses of changes to landscapes and communities from bark
beetle outbreaks and a better understanding of the economic impacts of changed ecosystem services
resulting from bark beetle outbreaks has been identified as a priority research issue for enhancing
ecologic–economic resilience in forested areas at risk [11].

Although resilience approaches (including resistance and recovery [12]), such as promoting
patterns of structural and compositional tree diversity, may be applied proactively to adaptively manage
climatic stresses on ecosystems [13], forest management at landscape scales is costly. Implementation
of future forest management activities that are focused on adapting to climate change will depend upon
the degree to which social, organizational, and economic conditions support increased investments
in forest health protection [1]. Identifying the consequences that biotic forest disturbances impose
upon stakeholders helps policy-makers understand the degree to which vulnerable populations suffer
losses arising from the diminishment of forest ecosystem services. Economic analysis can contribute
to the formation of forest health protection policies by providing credible scientific information
describing the probable societal benefits of alternative policy proposals which can then be compared
with programmatic costs.

The societal consequences of forest disturbances, as studied by economists, can be categorized
as those having either market or non-market impacts. It has been demonstrated that, in markets
where large volumes of timber are killed and merchantable stems are salvaged, prices typically fall
due to the short-run pulse of wood, causing a transfer of wealth from timber producers (growers) to
timber consumers (mills) [14]. Economic losses can be substantial, as indicated by estimates showing
that southern pine beetle-induced timber mortality in the U.S. South caused timber producers to lose
about $1.2 billion (USD), or $43 million per year, during a recent 28-year span [15]. While timber
salvage from large bark beetle epidemics can create a boom for local economies in the short-run,
driven by harvesting and processing of logs and associated economic activity, in the longer-run these
economies may not return to pre-epidemic levels once all merchantable timber has been salvaged due
to subsequent shortages in timber supply [16].

A second category of economic losses resulting from bark beetle epidemics is the impact on
nonmarket economic values derived from alterations in the provisions of ecosystem services such
as water yield [17] and outdoor recreation [18,19]. Of particular interest in this paper are the losses
in well-being (referred to by economists as “economic welfare” or, more simply, “welfare”) and
economic value from bark beetle outbreaks in residential (generally, wildland–urban interface) forests,
where ecosystem services—including aesthetic views, privacy, summer shading, wildlife habitat, and
water storage and purification—can be dramatically altered. The quality of the natural environment
influences decisions regarding where people choose to live and econometric techniques can be used to
estimate the value of bundled forest ecosystem services in residential areas using the hedonic method
(HM). Econometric analysis of property transactions following an MPB epidemic in Grand County,
Colorado, indicated economic losses of about $650/tree for trees located within 0.1 km of homes [20].
Another HM study of MPB impacts on residential forests in Larimer and Boulder Counties, Colorado,
found that homes located within 0.1 km of host trees lost roughly $61 K–$76 K in value per home,
on average, and that total loss in economic welfare for all homes located in these two counties was
conservatively estimated to be about $140 M [21]. In addition to the loss in non-market value in these
areas due to the bark beetle epidemic, local governments presumably lost a substantial amount of
property tax revenue due to decreased home values.
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One of the key assumptions of the HM is that markets adjust to changes in the provision of
ecosystem services until they are in equilibrium [22]. For example, consider two (hypothetical)
neighborhoods, A and B, in which the equilibrium price for identical homes in identical settings is
$250,000. Now, suppose that the level of forest ecosystem services in A is reduced by extreme levels of
forest mortality caused by a bark beetle outbreak. If moving from A to B were costless, homeowners
in A would prefer to move to B in order to maintain their preferred level of ecosystem services, and
the demand for homes in A would decrease, thereby causing prices in A to drop. Once everyone has
moved to their desired location, equilibrium is restored, and the differential in home prices between A
and B provides an estimate of the implicit price residents are willing to pay to prevent the loss of forest
ecosystem services. If the new equilibrium price at A is $240,000 and at B is $260,000, the implicit price
of forest health protection is $20,000 per household in these neighborhoods.

However, moving from one location to another is not costless, and the financial expense and
trouble of moving may either delay or entirely prevent attaining new equilibrium positions after
residents experience a change in ecosystem services. In cases where changes in ecosystem quality are
not fully compensated by changes in prices, and equilibrium conditions are not fully restored, a residual
shadow cost remains and implicit prices (as well as estimates of total losses) are biased downwards.
It has recently been suggested that the life satisfaction approach (LSA), based upon measurements
of subjective well-being (SWB), might be used to test whether markets are out of equilibrium and, if
so, the LSA could be used to estimate residual shadow costs that could be added to implicit prices
estimated using the HM [23,24].

Both the LSA and the HM are based on models of individual utility. Whereas the HM is based
upon decision utility (that is, utility as expressed in the decisions that people make to satisfy their
preferences), the LSA is based upon experienced utility (expressed either in real time or by using
retrospective evaluations) [25]. The LSA has recently gained popularity as a new nonmarket valuation
technique for valuing environmental dis-amenities, with air pollution constituting a large proportion
of the studies [26]. Degradation of environmental quality due to the emerald ash borer, a non-native
invasive insect responsible for extensive tree mortality in the United States, has also been studied using
the LSA [27].

In this paper, we extend the analysis of the impacts of large-scale forest mortality on human
well-being by using the LSA to test the hypothesis that housing markets were able to completely restore
human well-being following the recent MPB outbreak in Colorado. If this hypothesis is rejected, then
hedonic property value estimates of the loss in well-being are downwardly biased. We also summarize
the HP estimates of homeowner willingness to pay (WTP) to prevent degradation of forest health and
present estimates of residual household WTP to avoid losses in subjective well-being due to the MPB
outbreak based upon the coefficients estimated using the LSA.

2. Materials and Methods

The study area included in this research consists of counties located in the Rocky Mountain region
of Colorado, USA. The most recent MPB outbreak in this region began in the late 1990s, and nearly 7
million acres of forest had been killed by the time the outbreak subsided in 2016 [28]. Mortality peaked
in 2008, with an estimated 1.2 million acres killed during that year. We note that public awareness of the
MPB outbreak, as measured by Google usage volumes associated with the search term “Mountain Pine
Beetle”, track very closely with the magnitude of MPB-caused tree mortality (Appendix A), indicating
widespread interest in information regarding this unprecedented outbreak.

We performed geospatial analysis to compute estimates of the impact of MPB over a five-year
period in the study area. In collaboration with partner state agencies, USDA Forest Service Forest
Health Protection conducts aerial and ground surveys to delineate areas of forest damage and mortality
due to biotic (e.g., an insect or disease) or abiotic causes (e.g., flooding) across the United States. In
most cases, these surveys (commonly referred to as insect and disease surveys or aerial detection
surveys) are conducted annually by forest health personnel from fixed-wing aircraft using digital aerial
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sketch-mapping tools [29]. Although there are known data quality and accuracy limitations for these
surveys, they represent the only national-scale geospatial data that associates documented forest health
impacts with specific disturbance agents [29,30]. Insect and disease detection survey (“IDS” hereafter)
data are compiled on a yearly basis. These compiled data sets are publicly downloadable from Forest
Health Protection (https://www.fs.fed.us/foresthealth/applied-sciences/mapping-reporting/gis-spatial-
analysis/detection-surveys.shtml). We downloaded IDS data for Colorado for the years 2006–2011,
coinciding with the peak period of mortality during the most recent MPB outbreak. Generally, the IDS
data for a given year are comprised of geospatial polygon features labeled with a few main attributes:
the associated disturbance agent and the type (e.g., mortality, defoliation) and degree of forest damage.
For each year in the study period, we selected all IDS polygons in Colorado showing forest mortality
caused by MPB. Notably, the polygons are delineated broadly by aerial surveyors. For instance, a
polygon labeled as containing forest mortality may include both live and killed trees, or in some
cases, patches of non-forest [31]. To address these limitations, we converted the selected polygons for
each year to raster format (30 m resolution) and combined them into a single binary raster layer for
Colorado, where a cell value of 1 indicated occurrence of MPB mortality during that year, while and a
value of 0 indicated no MPB mortality.

As a final filtering step, we used a 30-m resolution map of forest cover—a binary raster layer
(1 = forest, 0 = non-forest), developed from a map of percent tree canopy cover [32,33]—to mask out
any non-forest cells that fell within the converted MPB mortality polygons. Then, for every county
in Colorado, we used these filtered data to calculate the area of MPB-caused mortality in each year,
2006–2011. We also computed the percentage of each county’s total forest area that experienced
MPB-caused mortality during each of these years.

The U.S. Center for Disease Control collects data regarding health-related behaviors using the
Behavioral Risk Factor Surveillance System (BRFSS). Data are collected via telephone surveys from
residents in counties which have at least 10,000 residents and data are reported if at least 50 residents
completed the survey. Life satisfaction questions were included in BRFSS for the years 2006–2011,
which constitutes the study period considered here. The LS question was presented as follows: “In
general, how satisfied are you with your life?—(1) Very satisfied; (2) Satisfied; (3) Dissatisfied; (4) Very
dissatisfied; (7) Don’t know/not sure; (9) Refused.” Within Colorado, BRFSS LS data are available for
37 counties (out of 64 total counties), including 5 counties where MPB mortality was severe (Boulder,
Grand, Larimer, Routt, and Summit). Data are reported at the individual level, and the finest level of
geographic specificity is the county in which the individual resided.

The IDS data for these 5 counties indicate substantial variation in forest mortality during the
study period (Figure 1). The MPB outbreak generally spread from west to east during this period and
counties on the west side of the Continental Divide experienced declining levels of forest mortality
(Grand County), or increasing followed by decreasing levels of forest mortality (Summit and Routt
County). In contrast, counties on the east side of the Continental Divide (Boulder and Larimer Counties)
experienced increasing levels of forest mortality throughout the study period.

https://www.fs.fed.us/foresthealth/applied-sciences/mapping-reporting/gis-spatial-analysis/detection-surveys.shtml
https://www.fs.fed.us/foresthealth/applied-sciences/mapping-reporting/gis-spatial-analysis/detection-surveys.shtml
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The BRFSS and IDS data were combined to estimate the following cross-sectional, fixed-effect 
econometric model: 

𝐿𝑆௜௖௧ =  𝑏଴ +  ෍ 𝛼ଵ௝𝑑௝𝑀𝑃𝐵௖௧ହ
௝ୀଵ +  ෍ 𝛼ଶ௝𝑑௝𝑀𝑃𝐵௖௧ିଵହ

௝ୀଵ + 𝛾𝑙𝑛𝑌௜ + 𝛽𝑋௜௖௧+  𝜇𝑌𝑒𝑎𝑟௧ + 𝛿௝ +  𝜀௜௖௧ 
(1) 

where: 
LSict = stated life satisfaction of respondent i in county c and year t 
dj = dummy variable for county j; dj = 1 if MPBct mortality > 0 (true for 5 counties),  

otherwise dj = 0 (true for 32 counties) 
MPBct = percent of total forest acres killed by MPB in county c and year t 
MPBct-1 = percent of total forest acres killed by MPB in county c and year t-1 
lnYi = natural logarithm of household income for respondent i 
Xijt = vector of other demographic characteristics of respondent i 
Yeart = year of response 𝛿௝= fixed effect for county of residence for respondent j 𝜀௜௖௧ = equation error 

Use of the natural logarithm of income (lnYi) in Equation (1) captures a declining marginal 
effect of income on life satisfaction, and has been used in previous specification of LS equations [34]. 

The time varying measure of forest health is represented in the equation using two variables: 
the magnitude of MPB mortality occurring during the year of the survey (t) as well as for the 
previous year (t−1). The lag-model specification helps address potential issues arising from temporal 
misalignment between the date on which surveys were completed and forest mortality occurring 
during that year. This is because tree mortality occurring during the summer of year t is not 
generally apparent (as red-top trees) until the summer of year t + 1. Thus, if a BRFSS survey was 
completed during the first few months of year t, the magnitude of forest mortality apparent to a 
respondent would reflect mortality from year t−1, and this observed level would not be the same 

0

10

20

30

40

50

60

70

2006 2007 2008 2009 2010 2011

Pe
rc

en
t F

or
es

t M
or

ta
lit

y

Year
Boulder Grand Larimer Routt Summit

Figure 1. Forest mortality caused by Mountain Pine Beetle in Colorado counties.

The BRFSS and IDS data were combined to estimate the following cross-sectional, fixed-effect
econometric model:

LSict = b0 +
5∑

j=1

α1 jd jMPBct +
5∑

j=1

α2 jd jMPBct−1 + γlnYi + βXict + µYeart + δ j + εict (1)

where:
LSict = stated life satisfaction of respondent i in county c and year t
dj = dummy variable for county j; dj = 1 if MPBct mortality > 0 (true for 5 counties), otherwise

dj = 0 (true for 32 counties)
MPBct = percent of total forest acres killed by MPB in county c and year t
MPBct-1 = percent of total forest acres killed by MPB in county c and year t-1
lnYi = natural logarithm of household income for respondent i
Xijt = vector of other demographic characteristics of respondent i
Yeart = year of response
δ j = fixed effect for county of residence for respondent j
εict = equation error
Use of the natural logarithm of income (lnYi) in Equation (1) captures a declining marginal effect

of income on life satisfaction, and has been used in previous specification of LS equations [34].
The time varying measure of forest health is represented in the equation using two variables: the

magnitude of MPB mortality occurring during the year of the survey (t) as well as for the previous year
(t−1). The lag-model specification helps address potential issues arising from temporal misalignment
between the date on which surveys were completed and forest mortality occurring during that year.
This is because tree mortality occurring during the summer of year t is not generally apparent (as
red-top trees) until the summer of year t + 1. Thus, if a BRFSS survey was completed during the
first few months of year t, the magnitude of forest mortality apparent to a respondent would reflect
mortality from year t−1, and this observed level would not be the same level of forest mortality
apparent to a respondent completing a survey during the last few months of that same year t. Including
measurements of forest mortality for both the current and previous year, the temporal misalignment is
smoothed over and captures the overall temporal trend in mortality across the six-year study period
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(note that one year of observation is lost due to inclusion of the lagged term, and only 5 years of
observations are included in the analysis).

In addition to household income, respondent characteristics included in the model specification
included: (1) marital status, (2) gender, (3) employment, (4) retirement status, (5) age, (6) age squared,
(7) education level, and (8) self-reported health status. County of residence was included as a fixed
effect to control for unobservable variables that do not vary over time, such as topography or distance
to natural features. After dropping missing, not sure, and refused responses, data were available for
40,388 individuals.

The average impact of MPB-caused mortality on the life satisfaction index for people living in
impacted counties can be computed as:

∆LSc = (α̂1 + α̂2) ∗MPBc (2)

where:
∆LSc = average change in life satisfaction in county c
(α̂1 + α̂2) = sum of the parameter estimates of the change in life satisfaction from % changes in

MPB-caused mortality in the current and lagged time period
MPBc = average % of total forest acres killed by MPB in county c
Given that subjective well-being responses provide an empirical measure of individual welfare,

it is possible to compute willingness to pay (WTP) for enhancing, or preventing degradation to, the
natural environment using life satisfaction surveys [26]. This is accomplished in this study by totally
differentiating Equation (1), setting dLS/dMPB = 0, and solving for the marginal rate of substitution
between income and MPB-caused tree mortality:

∂Y
∂MPBc

= −Y
(
α̂1 + α2

γ̂

)
= WTPc = implicit price (3)

This procedure provides an estimate of the average WTP (or implicit price) for a marginal reduction
in MPB mortality. The results of the specification described in equation (1) can then be used to estimate
∆LSc and WTPc for each of the five counties in our dataset impacted by the recent MPB outbreak.

As described above, economic theory suggests that changes in life satisfaction due to an increase
in forest mortality can be mitigated, to some extent, by moving to a new location with more desirable
forest quality. Housing transitions motivated by large-scale, catastrophic forest mortality are likely
to be facilitated by residential housing opportunities providing suitable landscapes and adequate
stocks of available housing. Therefore, within our study area, we anticipate that counties with larger
(smaller) housing stocks and greater (lesser) overall forest health provide more (fewer) opportunities
for the maintenance of life satisfaction due a catastrophic forest mortality event. Consequently, it is
hypothesized that counties within our study area with larger (smaller) housing stocks and greater
(lesser) overall forest health will reveal smaller estimates of residual shadow costs using the LSA.

3. Results

The average life satisfaction index for people living in Colorado during the study period ranged
from high to very high (average = 1.56, where an index of 2 = high and 1 = very high) (Table 1).
People living in counties where forests were killed during the MPB outbreak, however, had lower life
satisfaction values than for the state as a whole: Boulder County = 1.42; Grand County = 1.46; Larimer
County = 1.41; Routt County = 1.55; and Summit County = 1.53 (the average life satisfaction index for
locations other than counties where MPB-caused mortality occurred was 1.57). While these results
provide an initial indication that forest mortality due to MPB created a loss in well-being, they do
not account for differences in either the characteristics of the people living in various counties, the
extent of forest mortality occurring within counties, nor the differences in county fixed-effects (such
as topographical characteristics). Descriptive statistics for Colorado residents included in the survey
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indicate that the average household income of respondents was about $43,915 and the average age was
about 53.5 years. Most respondents were married (60%), female (60%), employed (57%), and either in
very good or excellent health (36% and 23%, respectively).

Table 1. Descriptive statistics.

Variable Variable Name Mean Std. Dev. Min Max

Life satisfaction lsatisfy 1.57 0.61 1 4
Household income (ln) ln_hhdinc 10.69 0.71 8.52 11.32

Married married 0.60 0.49 0 1
Female female 0.60 0.49 0 1

Employed employed 0.57 0.49 0 1
Age age 53.51 16.10 18 99

Age squared age2 3123.03 1759.52 324 9801
Education educa 5.05 1.01 1 6

Excellent health ex_health 0.23 0.42 0 1
Very good health vg_health 0.36 0.48 0 1

Good health gd_health 0.27 0.44 0 1
Fair health fr_health 0.10 0.30 0 1

Boulder County mortality 1 bold_mpb 0.65 3.09 0 21
Larimer County mortality 2 lar_mpb 1.46 7.30 0 57.8
Grand County mortality 3 gnd_mpb 0.06 1.33 0 36
Routt County mortality 4 rou_mpb 0.08 1.14 0 27.9

Summit County mortality 5 sum_mpb 0.07 1.25 0 27.4
1 This variable is coded as zero for counties other than Boulder. Within Boulder County, average forest mortality =
12.25% during the study period. 2 This variable is coded as zero for counties other than Larimer. Within Larimer
County, average forest mortality = 30.48% during the study period. 3 This variable is coded as zero for counties
other than Grand. Within Grand County, average forest mortality = 25.31% during the study period. 4 This variable
is coded as zero for counties other than Routt. Within Routt County, average forest mortality = 12.58% during the
study period. 5 This variable is coded as zero for counties other than Summit. Within Summit County, average
forest mortality = 18.4% during the study period.

Empirical results from the linear regression model, controlling for differences in individual
characteristics and county-level fixed effects, indicate that life-satisfaction increases with: (1) income,
(2) age (non-linearly), (3) being female, (4) being married, (5) being employed, and (6) higher stated
health conditions (Table 2). Of more interest to this study, it was also found that MPB-caused forest
mortality altered life satisfaction for residents in 4 of the 5 counties included in the study. Plugging the
empirical estimates shown in Table 2 into Equation (2), it can be seen that life-satisfaction decreased
in all MPB-impacted localities except Larimer County (Table 3). The largest loss of estimated life
satisfaction is seen to have occurred in Grand County, followed by Summit County, Routt County, and
Boulder County.

Table 2. Empirical results showing the impact of Mountain Pine Beetle (MPB) on life satisfaction for
residents of Colorado counties.

Variable Coefficient Standard Error T-Statistic

ln_hhdinc 0.119 *** 0.009 13.55
married 0.179 *** 0.007 24.77
female 0.035 *** 0.006 5.47

employed 0.016 *** 0.007 2.44
age −0.015 *** 0.001 11.49
age2 0.0002 *** 0.00001 15.19
educa 0.001 0.004 0.24

ex_health 0.692 *** 0.020 34.14
vg_health 0.538 *** 0.021 25.28
gd_health 0.350 *** 0.020 17.55
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Table 2. Cont.

Variable Coefficient Standard Error T-Statistic

fr_health 0.199 *** 0.022 8.88
year2006 0.015 0.016 0.90
year2007 −0.010 0.018 0.55
year2008 0.005 0.018 0.27
year2009 0.011 0.020 0.57
year2010 0.018 0.016 1.14
bold_mpb 0.002 *** 0.001 2.80

bold_mpb_lag1 −0.003 *** 0.001 3.54
gnd_mpb 0.033 *** 0.001 46.80

gnd_mpb_lag1 −0.051 *** 0.001 44.77
lar_mpb 0.0002 0.0005 0.41

lar_mpb_lag1 −0.0002 0.0005 0.35
rou_mpb 0.0001 0.0003 0.31

rou_mpb_lag1 −0.0026 *** 0.0005 5.63
sum_mpb −0.002 *** 0.0004 4.48

sum_mpb_lag1 −0.0022 *** 0.0009 2.51
constant 3.223 *** 0.098 33.01

N 40,388
R2 0.17

Note: *** indicates significance at the 0.01 level. Also, for ease of interpretation, the signs of the parameter estimates
reflect that the highest life satisfaction levels were coded as 4 and lowest life satisfaction levels were coded as 1.

Table 3. Estimated change in life satisfaction, housing, and general forest characteristics for MPB
counties in Colorado.

County
∆ in Life

Satisfaction
Index

Housing Units 1 Total Forest
Area (1000 ac) 2

Pine Growing
Stock, Net

Volume (mm ft3) 2

Av. Ann. Pine
Net Growth
(mm ft3) 2

Boulder −0.02 135,920 240.9 149.9 0.3
Grand −0.47 16,761 423.1 276.8 −75.7

Larimer n.s. 3 148,549 345.5 522.2 0.8
Routt −0.03 16,839 443.7 287.6 −21.8

Summit −0.08 31,106 114.5 151.5 −7.4
1 US Census Bureau, 2018 data. 2 Thompson et al. [35]; Tables B32, B35, and B36. 3 n.s. indicates that parameter
estimates were not statistically significant.

Drawing upon forest resource data for counties in Colorado [30], Table 3 shows that Grand County
suffered a dramatic decrease in the net growth of pine (−75.7 mm ft3) during the study period, followed
by net growth losses in Routt County (−21.8 mm ft3) and Summit County (−7.4 mm ft3). The housing
stocks in these rural counties are also notably smaller than housing stocks in the more urbanized
counties of Boulder and Larimer (Although Larimer County registered a high degree of forest mortality,
especially between the years 2009–2011, much of the housing stock in this county is located in areas
with no host trees [20]. This suggests that a smaller proportion of county residents would have been
impacted by MPB in their neighborhoods and, consequently, MPB would likely have less impact on
life satisfaction than in other counties where greater proportions of people lived in neighborhoods
impacted by the forest pest). This correspondence suggests that severe forest mortality, combined with
fewer opportunities for moving to other locations within the county, likely contributed to the dramatic
losses observed in life satisfaction. It is noted that, across the four counties where a decrease in life
satisfaction was found, the average decrease in life satisfaction was about 0.15 points on the 4-point
scale. This decline is similar to the loss in life satisfaction found in a study of the impact of emerald ash
borer across impacted counties in the United States (0.13 points) [27]. A further similarity with results
in [27] is that the addition of individual characteristics and fixed-effects in an empirical regression
model increases the estimates of the loss in life satisfaction relative to estimates representing simple
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averages (without adjusting for differences in individual characteristics and fixed locational effects).
In other words, individual and landscape characteristics are important to consider when estimating
impacts of environmental changes on life satisfaction.

As would be anticipated, LSA estimates of average economic losses experienced during the MPB
outbreak in Colorado follow the same ranking in severity as the non-monetary estimates of changes in
life satisfaction (Table 4). The implicit price (or, equivalently, shadow loss) of a marginal (1 percentage
point) change in forest mortality using the LSA ranged from about $661 (in Boulder County) to about
$9152 in (Grand County). Although it may be likely that forest mortality impacts on monetized values
of welfare are non-linear, little is known about the shape of these functions. In order to compare
monetized estimates of changes in SWB estimated using the LSA with changes in economic welfare
estimated using the HM, it is therefore assumed that implicit prices (marginal WTP values) are a
linear function of forest mortality. Then estimates of the monetary losses associated with large-scale
forest die-off can be computed from values provided by the LSA by multiplying each county’s average
implicit price by average mortality level.

Table 4. Comparison of per household monetized economic losses from forest mortality using Hedonic
Method (HM) and Life Satisfaction Approach (LSA) estimates.

County Hedonic Model Life Satisfaction Approach Equilibrium 3

Boulder $61,000 1 $8000 No
Grand n.a. 2 $232,000 No

Larimer $76,000 1 $0 Yes
Routt n.a. 2 $18,000 No

Summit n.a. 2 $44,000 No
1 Estimates provided in [16]. Economic losses in this study reflect differences in price for homes located within host
tree zones versus homes located outside of host tree zones. 2 n.a indicates estimates are not available. 3 Based on
LSA results, is the housing market in equilibrium after the MPB outbreak?

Estimates of welfare loss due to the MPB outbreak using the HM are available [17]. In that study,
HM estimates are based upon differences in housing prices for homes located in the MPB host tree zone
and homes located outside of the host tree zone Consequently, HM values reported in [17] provide
estimates of WTP to reduce MPB-driven mortality from levels experienced in host tree zones to zero
(as no MPB-driven mortality can be experienced in areas where there are no host trees. Assuming
that implicit price functions are linear in forest mortality, monetized LSA estimates of changes in
SWB due to MPB-mortality that multiply average implicit prices by average mortality thus provide
underestimates of HM estimates. The estimated loss per household in Boulder County using the
HM, was about $61,000 and using the LSA was about $8000. Because it appears that many housing
opportunities are available for residents of Boulder County that desire to move, the LSA value might
represent the residual shadow cost of MPB-caused forest mortality for people who were unable to move
to locations providing equivalent life satisfaction to levels experienced prior to the outbreak. Further,
the LSA estimates suggest that the housing market in Larimer County was in equilibrium following the
outbreak (and people that moved experienced utility losses equivalent to about $76,000 per household
as estimated by the HM). However, a spatial mismatch makes such comparisons between the HM and
LSA estimates questionable, as the HM estimates represent welfare changes for households located
within host tree zones whereas LSA estimates represent monetized estimates for all households within
counties. It is likely that welfare losses are greater for people living in host tree zones relative to those
living in other areas (although they may experience losses in SWB due to factors such as reduced
recreational opportunities) and, therefore, it might be expected that LSA estimates would be lower
than HM estimates reported in this study.

Examining the monetary estimates of loss in SWB based upon the LSA, it is seen that per household
estimates for Grand County ($232,000) are large relative to the HM estimates available for Boulder and
Larimer Counties. This discrepancy might be expected, however, as forest mortality was relatively
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more severe in Grand County than other counties, and alternative housing opportunities were likely
fewer than in Boulder or Larimer Counties. Further, the monetized per household LSA losses estimated
for Routt County ($18,000) and Summit County ($44,000) appear to be more similar with the losses
estimated using the HM for Boulder and Larimer counties.

4. Discussion

The results of the LSA study reported here are quite clear in indicating that large-scale forest
mortality events can result in substantial losses in subjective measures of well-being. The results of
this study extend the findings of previous research using the LSA to estimate the effects of a non-native
invasive species on SWB [27] by demonstrating that, not only does the occurrence of a forest pest
outbreak reduce life satisfaction, but the areal extent of an outbreak is also directly related to the degree
of SWB reduction. Further, the research results reported here suggest that the loss of life satisfaction
due to large forest pest outbreaks may be greater in localities where opportunities to change residences
are more limited.

One of the objectives of this study was to compare estimates of nonmarket economic losses from
the recent MPB outbreak in Colorado using the LSA and the HM. If moving is costless, then HM
estimates provide an indication of the economic sacrifices that homeowners are willing to make to
restore their SWB. However, because moving is not costless, equilibrium may not be restored in housing
markets and some households may continue to experience a decline in life satisfaction after a pest
outbreak has run its course. Although the LSA has been suggested as a technique for measuring the
monetary loss in life satisfaction from exogenous environmental events [26] that may allow estimation
of shadow costs to be added to HM estimates of welfare loss [23,24], it is not clear whether residual
shadow costs would be greater than (e.g., very few opportunities for moving exist), similar to (e.g.,
some opportunities for moving exist), or less than (e.g., many opportunities for moving exist) monetary
estimates provided by the HM. The research results reported here indicate that housing markets in four
of the five counties studies remained in disequilibrium during the 5-year study period. Further, for the
two counties where a comparison of methods was possible, it was found that estimates of monetary
losses estimated using the LSA appear to be smaller than estimates provided by the HM (This result is
contrary to results comparing these two methods reported in a study of urban residential renovations
in Wales, UK [36]. However, in that study, HM estimates were not significantly different to zero).

Despite the fact that the monetized estimates of changes in SWB reported in this paper may appear
reasonable, there are several reasons to question the reliability of the results of the LSA analysis. These
issues have been discussed in the economic literature regarding the estimation of SWB and can be
broadly grouped into issues concerning income, causality, and tradeoffs.

Regarding income, it has been argued that the marginal utility of money (γ in Equations (1)
and (3)) is typically underestimated using cross-sectional data in the implementation of an LSA
study [37]. This is thought to be due to the fact that, over time, people tend to adapt to changes in their
household income. This phenomenon, referred to as the Easterlin Paradox, has been used to explain
why cross-sectional data show that wealthier people within society have greater SWB, but that SWB
does not increase as all members of society become wealthier [38]. The use of cross-sectional data to
estimate the marginal utility of income will then typically provide estimates of γ that are downwardly
biased and, consequently, implicit price estimates will be upwardly biased.

Two possible remedies for this problem have been suggested. First, unexpected income may
register a larger impact on SWB than anticipated income, and reveal the “true” marginal utility of
income before individuals adapt to their new circumstances. Using panel data from households in
Australia, it was possible to compute windfall changes in income and, using these data, implicit WTP
values were found to be less than one-fifth of those computed using standard household income
variables [37]. Second, one explanation for the Easterlin Paradox is that SWB may be more a function
of relative, rather than absolute, income [39]. Where data are available, including both absolute and
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relative income in model specification appears to be a useful method for addressing the Easterlin
Paradox [40].

A second critique of standard methods used to analyze SWB concerns the direction of causality in
model specifications. Econometric analysis typically assumes that causality runs from the explanatory
variables to the dependent variable and, further, that there are no unobserved variables that are
correlated with the explanatory variables. Several studies have shown that higher well-being leads
to higher future incomes, a case of reverse-causation that may also apply to health conditions (i.e.,
happier people may be able to improve their health condition more than unhappy people) [39]. The
lack of evidence on causality tends to obscure clear policy recommendations, as well as being able to
provide unambiguous interpretations of marginal utility of income estimates. Regarding unobservable
variables that may be correlated with explanatory variables, the inclusion of individual fixed effects
may be possible if panel data are available for individuals, and the application of such models is
recommended when possible.

A third, and seemingly critical, issue in interpreting SWB model estimates is that survey questions
are not typically based upon trade-offs that are fundamental to preference-based economic valuations.
Stated preference surveys requesting respondents to make choices between alternative scenarios have
become an extremely popular method for estimating marginal utilities that are now widely used to
estimate nonmarket values [41]. Economists have learned a great deal during the past few decades
regarding the design of stated preference surveys and it has been suggested that choice models might
be adapted to estimate preference-based models of SWB [42]. Innovative approaches are being tested to
develop indices of SWB that would provide measures of societal well-being that go beyond measures
such as the Gross Domestic Product and comprehensively include nonmarket goods. Recognizing that
SWB is made up of many “fundamental aspects”, well-being indices have been constructed using scale
responses to SWB questions (e.g., “how happy have you been during the past year”) and marginal
utilities elicited for the “fundamental aspects” as obtained from stated-preference questions requiring
trade-offs [43,44]. Inclusion of aspects such as “the condition of nature, animals, and the environment”,
such as done in [43], allows the marginal utility of nature to be compared with the marginal utility of
other aspects that contribute to well-being. As the authors note ([43], p. 29), inclusion of income as an
aspect would allow marginal utility estimates to be converted to a common money metric that could
then be used to aggregate well-being estimates across a population.

5. Conclusions

Climate change is anticipated to increase both the geographic extent and intensity of natural
disturbances that perturb forest health, increase forest mortality, and alter human welfare. Investments
in forest management actions designed to protect and enhance forest health are costly, especially
at landscape scales. Understanding the benefits that forest protection investments convey to
human well-being can help justify policy and management responses regarding emerging threats to
forest ecosystems.

The life satisfaction approach provides an exciting new avenue for economists and social scientists
to investigate the linkages between changes in forest health and human well-being. Integrating life
satisfaction approaches to environmental valuation with more traditional stated preference economic
models appears to offer an important avenue for future research considering the human dimensions
of forest health. A better understanding of the factors that contribute to SWB, and the relative factor
weights (as measured by their marginal utilities) would help develop more meaningful measures of
well-being that could inform policy deliberations regarding climate change and forest protection.
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Appendix A

While traditional tools such as public surveys have been used to gauge the level of public
awareness and sentiment regarding environmental threats, new tools such as Google Trends are being
used to track changes in public interest regarding conservation topics [45]. A product of the Google
search engine, Google Trends is a tool that returns the usage volume of a specific search term for
specific locations over a defined period. While not the primary focus of the research reported here, it is
hypothesized that public awareness and interest in the MPB outbreak was widespread throughout
Colorado due to both its visibility across mountainous landscapes and the fact that this outbreak
exceeded in areal extent any previous recorded outbreak.

As Google Trend data are recorded at monthly time steps, and as MPB mortality data are annual,
Google Trend data were smoothed by computing annual average usage volume as the mean value over
the monthly data for each year. This procedure provided a common basis for comparison of public
awareness and interest with MPB outbreak severity.

A plot of the two-time trends (Appendix A Figure A1) indicates that public awareness of MPB in
Colorado tracks very closely with the mortality levels. It is noted that public interest in the outbreak,
as indicated by usage volumes, continued at relatively high levels even as the outbreak severity was
rapidly diminishing. While it is not possible to detect the exact types of information that people were
searching for, this result suggests that there was a residual effect of the outbreak as peoples’ lives
continued to be affected during the aftermath of the outbreak.Forests 2019, 10, x FOR PEER REVIEW 13 of 15 
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