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Abstract

:

As we learn to sustainably coexist with wildfire, there is an urgent need to improve our understanding of its multidimensional impacts on society. To this end, we undertake a nationwide study to estimate how megafires (wildfires > 100,000 acres in size) affect US labor market outcomes in communities located within the flame zone. Both year-of-fire and over-time dynamic impacts are studied between 2010−2017. We find that counties located within a megafire flame zone experience significantly lower per capita wage earnings across multiple sources of earnings data for up to two years after megafire event occurrence. We find preliminary evidence that impacts are nonlinear over megafire size. These results highlight a new dimension of megafire impacts and expand the scope of the potential costs of megafires that should be considered in benefit-cost analyses of wildfire control and suppression decisions, especially along sustainability dimensions.
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1. Introduction


Sustainable forest management and megafires are directly related. Megafires, or fires that burn more than 100,000 acres, account for 85% of total wildfire suppression related expenditures [1,2,3]. This draws down the funds available for other forest management practices related to wildfire prevention activities like prescribed burning and mechanical thinning [1,2,3]. Moreover, most forest policies related to control and suppression decisions are currently informed by smaller, more frequently studied wildfires, not megafires [1]. This means that wildfire budgets for prevention and control may be underfunded because they do not consider how megafires, which become more common every year, may differ from small wildfire events [2,4]. For example, recent research shows that megafires produce nonlinear health impacts over wildfire size, justifying more spending per acre when compared to smaller wildfires [5].



Nailing down impact estimates from megafires is important because sustainable forest management requires balancing various, often competing, goals and objectives. For example, forest managers need to undertake wildfire prevention while providing nondecreasing ecosystem services and resource use (i.e., timber). Wildfires complicate these management goals and imprint large changes on local economies and ecosystems [6]. The direct effects on residents resulting from megafires, such as infrastructure damage, are enormous and relatively straightforward to calculate. Even some indirect impacts like health impacts [7,8,9] and water quality [10,11] have received recent attention in the literature. However, other secondary effects like changes to local labor markets following a megafire are less understood, which we address in this paper.



Williams et al. [3] point out that “these second-order effects to human health, infrastructure, and local economies are barely accounted for and rarely documented.” Bowman and Johnston [12] also highlight that the indirect effects of fires are a “poorly developed research field.” What is concerning is that the indirect effects may be much more significant than the direct effects. The International Association of Wildland Fire, in conjunction with the Nature Conservancy, estimate that the real cost of wildfire to local communities can be upwards of 30 times higher than the official estimated cost [13] due to harder-to-measure outcomes such as local economic impacts and changes in quality of life.



Predicting the effect a megafire has on local labor market outcomes, such as wage earnings, is unclear. It could be that wages in an affected area increase immediately following a fire as demand for labor increases while fighting the wildfire or, in the long-run, should the supply of labor migrate out of the area [14]. However, short- and long-run job losses from businesses leaving the area could dampen these effects [15,16].



Understanding the net effect on wages is especially important for improving outcomes and resiliency in communities where wildfires occur. Our analysis focuses on the universe of US counties located within a megafire flame zone and the general impact on the labor market (i.e., we do not evaluate the specific mechanisms through which the labor market is impacted, only whether and to what extent the effect exists). Impacts are evaluated over six years after a given megafire event, thus allowing for both a short- and long-term evaluation of local community effects. We create a robust fixed effects model to estimate impacts to wages, considering county-level and weather-driven confounding effects and fire size. The results show that megafire activity is associated with reduced wages in a county that experienced a fire, and the observed impacts persist for several years after the fire’s occurrence, which suggests longer-term effects in flame zone communities. We also provide evidence of heterogeneous wage impacts by megafire size, consistent with recent health findings. Our results speak directly to the economic sustainability and resiliency, or lack thereof, of communities located within megafire flame zones.




2. Background on Megafire and Labor Impacts


An observed increase in megafire activity is the result of both environmental and internal wildfire dynamics. While external factors such as earlier snowmelt, higher summer temperatures, and longer fire seasons contribute to the probability that a large wildfire occurs [17,18,19], the self-reinforcing, internal system dynamics make large wildfires mega. For example, megafires can generate their own weather through firestorm clouds called pyrocumulonimbus. These storm clouds can cause dry lightning and firenadoes or fire whirls as embers and ash get caught in the violently rising air, resulting in the creation of new fires and a larger burn area [20,21]. As one can imagine, combining these factors makes fighting megafires inherently more difficult than smaller wildfires, which can significantly alter local landscapes.



However, wildfires are known for more than their ability to physically alter environments. Wildfires also negatively affect air quality, including increasing ambient ground level PM2.5 (fine particulate matter) and PM10 (course particulate matter) and increasing toxic mercury and lead particulates [22,23]. Particulates found in the air during a wildfire event are significantly larger than those found in typical urban air pollution [24]. Significantly, wildfire air pollution can penetrate indoors, raising questions about the effectiveness of staying inside to avoid exposure to wildfire emissions [24,25]. This is concerning given that megafires are increasing in both frequency and size.



While wildfire smoke has established negative links to air quality, the resulting impact on the labor market is less clear and debated in the literature. Several studies observe initially positive effects on labor after a wildfire occurs near a community, especially while suppression activities are ongoing [9,26,27]. Nielsen-Pincus et al. [28] observe that communities closer to the fire, who are more directly affected by suppression costs, had the most substantial influence on employment growth. Borgschulte et al. [29] find that exposure to wildfire smoke reduces potential earnings even at a distance. However, Economou et al. [30] find no effect on local income following a wildfire, including those communities located closer to the fire. These studies seem to support previous literature that suggests greater labor instability occurs in the long run following a wildfire [27,31]. Longer-term studies enforce the idea of volatility in the labor market where labor effects possibly become detrimental over time [32], which seems to mimic other labor outcomes from natural disasters [33,34]. Among all of these previous wildfire impact studies, only three papers, Jones and McDermott [5], Bytnerowicz et al. [22], and Navarro et al. [25] specifically examine consequences from megafires; the remaining literature observed smaller wildfire events or combinations of smaller wildfires and megafires (thus confounding the megafire only impacts). Bytnerowicz et al. [22] examined the changes to ground level air pollution, and Navarro et al. [25] focused purely on changes to long-distance dispersal of pollutants from the megafires. None of these studies examined possible impacts on labor. A paper by Nielson-Pincus et al. [9], who examined labor market impacts of large wildfires in the western US, did include some megafires in their study, but that was not the focus of their assessment. Instead, they included western wildfires where the US Forest Service spent greater than $1 million on fire suppression efforts. Additionally, while Borgschulte et al. [29] examine impacts to labor of wildfire smoke, they focus on distant effects from the flame zone or drifting smoke. With that being said, to our knowledge, there are no papers that examine how megafires impact wage outcomes in local communities directly within the flame zone and over several years.



There are at least three fundamental reasons why a study of megafire impacts to flame zone communities is needed. First, as described earlier, megafires behave differently than smaller, better studied wildfires. Such differences in fire characteristics may cause megafires to be associated with larger and more severe impacts relative to smaller wildfire events. Second, the general results of indirect outcomes from wildfires are still debated in the literature, so additional insight provided by our study is necessary. Finally, in the future, we expect megafires to grow in frequency due to climate change and continued forest fuels buildup. Thus, estimates of their economic impacts on society are urgently needed, which can be used by policymakers for purposes of benefit-cost analyses on megafire suppression efforts and future investments in forest fuels reductions (e.g., thinning and prescribed burning). For the first time, this paper uses national US data to evaluate these costs in terms of labor market impacts. Our results have immediate and important sustainability implications for wildfire control and suppression decisions.




3. Materials and Methods


3.1. Wage Earnings Data


Data on wage earnings were obtained from the Internal Revenue Service (IRS) Statistics of Income (SOI), the US Census Bureau County Business Patterns (CBP) dataset, and the Bureau of Economic Analysis (BEA) Regional Economic Information System (REIS). Each dataset captures a slightly different slice of US wage earnings, which is why all three are employed in the analysis. The IRS SOI data is constructed by the IRS using a stratified probability sample of administrative records of individual income tax returns (forms 1040) from the IRS Individual Master File system. These data contain information on aggregate wages, the number of returns filed, and the number of personal exemptions and are provided annually and at the county level. We independently calculate wage earnings per capita by dividing aggregate wages by the number of personal exemptions in a given county. By contrast, the CBP dataset captures firm-level payroll information for the universe of US firms with paid employees. These data are also annualized at the county-level and provide us with information on aggregate payroll and employment statistics constructed from administrative records for single unit firms and a combination of administrative records and survey collected data for multi-unit companies. We calculate wage earnings per capita by dividing aggregate firm payroll by the aggregate number of firm employees. Lastly, we use data from the REIS, which is primarily constructed by the BEA by making adjustments to the Quarterly Census of Employment and Wages (QCEW) data. These annual county-level data provide aggregate estimates of wages and salaries using firm administrative data as reported under the state unemployment insurance system (including the federal civilian employee reporting system). Per capita wage earnings are calculated as before. In the analysis that follows, each earnings data source will be used both independently and in combination with each other to capture, to the extent possible, a wide swath of labor earnings in the US. Note that all wage earnings data are in annual county-level terms and were available up to 2017 at the time of the analysis. Wages have been inflation adjusted into 2017 dollars.




3.2. Megafire Perimeter Data


Data on all US megafire locations over 2010–2017 were obtained from the USGS Geospatial Multi-Agency Coordination (GeoMAC) system. The GeoMAC system is the most complete accounting of US wildfire perimeters and was originally designed to give fire managers near real time fire perimeter information on any US wildfire that was known to the National Interagency Fire Center. In addition to perimeter data, GeoMAC also provides information on the acres burned, the name or designation of the fire, and event narratives. Observations for megafires—i.e., fires whose final perimeter size was >100,000 acres—were retained for further processing. Using GIS software, we then calculated all instances of any >0% megafire perimeter overlap with each county, using data on the final megafire extent. Each county was then assigned information on the characteristics of each megafire that physically burned within its boundaries at some point during the fire event, including information on the date of fire overlap and the total acres burned by the fire. Megafires that spanned more than one county are included in the analysis and the affected counties are appropriately coded as experiencing a fire event. Figure 1 shows the final perimeters for all US megafires between 2010–2017. Most megafires occur in the western US.




3.3. Weather Data


Wildfire frequency and severity is influenced by weather. Thus, to credibly isolate the impacts of megafires, we must account for differential weather conditions in our empirical models. To do so, we collected daily data on maximum and minimum temperature and total precipitation from over 54,000 land-based monitoring stations in the US from the NOAA National Centers for Environmental Information (NCEI). County-level estimates were obtained by using a population weighted averaging approach of all monitoring stations within a 25-mile radius of the population centroid of each county. Weights are equal to the inverse square root of each station’s distance to the population centroid using exact latitude and longitude coordinates. This follows similar approaches in Jones and Goodkind [35] and Levinson [36].



Since the labor market data used are in annual terms, 10 discrete annual mean temperature bins (<40 °F, 40–45 °F, 45–50 °F, 50–55 °F, 55–60 °F, 60–65 °F, 65–70 °F, 70–75 °F, 75–80 °F, and >80 °F), and six discrete annual precipitation bins (<1.5 mm, 1.5–3 mm, 3–4.5 mm, 4.5–6 mm, 6–7.5 mm, and >7.5 mm) were created. Each bin contains the number of days in a given county-year that mean temperature and precipitation fell into the corresponding discrete category. Using discrete weather bins allows us to flexibly control for nonlinear weather effects in the empirical models.




3.4. Sociodemographic Data


Sociodemographic characteristics are related to both megafire activity and labor market outcomes [37,38]. To account for this, data on annual county-level household income and poverty rates were obtained from the US Census Bureau Small Area Income and Poverty Estimates (SAIPE) Program. Additional data on county educational attainment (% of county with HS diploma or GED and % of county with four-year college degree) and on county-level race and ethnicity (Hispanic, African American, Asian, and non-Hispanic white) were obtained from the American Community Survey five-year estimates. These variables will be used to control for non-fire drivers of labor market outcomes.




3.5. Summary Statistics


In what follows, we drop counties experiencing more than one wildfire (megafire or ≤100,000-acre general wildfire) between 2010–2017 so that our analysis can focus only on those counties that experience at most one wildfire during the study period. The labor market impacts associated with experiencing multiple wildfire events (megafires or otherwise) over the study period may be meaningfully different than the impacts associated with a single fire event. However, impacts associated with multiple fires are taken up in more detail in the robustness checks later in the paper (see Section 4.4).



Table 1 provides the final summary statistics among US counties containing a single megafire between 2010 and 2017. The final dataset includes 85 counties across 17 states. Average megafire extent is 203,258 acres, but with a large standard deviation (the largest megafire is >3.1 million acres). Mean per capita annual wage earnings vary from $18,365 (IRS) to $42,113 (REIS) depending on the source of the data. For context, mean US per capita annual wage earnings are $14,932 (IRS) and $31,439 (REIS); thus, megafire counties have generally higher incomes than the nation as a whole.



Since we are using annual county-level data (eight years of data across 85 counties), there is a slight concern about the small sample size available to us (n = 680). This motivates our use of a small sample adjustment in the empirical models that follow (discussed in more detail below).




3.6. Empirical Methodology


Our empirical strategy is to isolate the wage earnings impacts of within county megafires from other environmental and sociodemographic confounding factors. An important component of this strategy is the use of an appropriate set of fixed effects. In all of our estimated models, county fixed effects are included. This will control for unobservable time invariant heterogeneity at the county-level, including factors such as geography (which could influence megafire spread and intensity), time invariant county-level healthcare availability, time invariant employment and labor market characteristics, and cultural norms and practices surrounding wildfire responses that are unchanging in a given county and over time. In addition to county fixed effects, state-by-year fixed effects will also be used. These fixed effects will control for over time heterogeneity in outcomes that are specific to a given state-year (e.g., over time state-level labor market trends, state-specific industrial and employment policies, recessionary impacts, etc.).



Two separate wage earnings models are estimated: (i) a model that captures the single year wage earnings effects of megafires (i.e., effects in the same year as megafire occurrence), and (ii) a model that captures the dynamic over time wage earnings impacts of megafires, starting in Year = 0 (the year of the megafire) and progressing through Year = 7 after initial megafire occurrence. Thus, model (i) will give us an immediate “snapshot” of megafire impacts to wages in a flame zone county during the year of fire occurrence. By contrast, model (ii) will provide a more holistic temporal perspective of the wage impacts of megafires over time, allowing for a study of dynamic trends.



The single year wage earnings model is estimated as,


  L o g  (  W a g  e  c t    )  =  β 0  +  β 1  M e g a f i r  e  c t   +  X  c t  ′   β 2  +  W  c t  ′   β 3  +  δ  c o u n t y   +  π  s t a t e − y e a r   +  ε  c t    



(1)




where   L o g  (  W a g  e  c t    )    is one of three logged per capita wage earnings measures from the IRS, CBP, or REIS datasets (or an average across all three) in county  c  in year  t ;   M e g a f i r e   is an indicator variable that equals 1 in the year of a documented megafire event that occurred in a given county (and equals 0 otherwise);     X ′    is a vector of sociodemographic variables (fraction of county with a HS diploma, median household income, poverty rate, fraction of county Hispanic, fraction of county African American, and fraction of county non-Hispanic white);    W ′    is a vector of annual discrete weather bins for mean temperature and precipitation  ;    δ  c o u n t y     are the county fixed effects;    π  s t a t e − y e a r     are the state-by-year fixed effects; and    ε  c t     is the idiosyncratic error term. The coefficient of interest is    β 1   , which provides information on the within county wage earnings impacts of megafires in the year of fire occurrence.



The dynamic wage earnings model is estimated as,


  L o g  (  W a g  e  c t    )  =   ∑   p = − 3   p = 7    β p  1    [  M  F  c t   = p  ]    c t   +  X  c t  ′   β 2  +  W  c t  ′   β 3  +  δ  c o u n t y   +  π  s t a t e − y e a r   +  ε  c t      



(2)




where   M  F  c t     denotes the years immediately before and after a megafire event (−3 and +7 years), with   1    [  M  F  c t   = 0  ]    c t     denoting the year of megafire occurrence (Year = 0). All other terms are as previously defined. The    β p    coefficients will provide information on the dynamic over time impacts of US megafires in the years immediately following a fire event, up to seven years. Equation (2) will therefore allow for an investigation of the temporal longevity of megafire impacts to wage earnings.



Given our relatively small sample size (owing to using annual county-level data), we follow the recommendations given in Roodman et al. [39] and employ a wild cluster bootstrap (using county-level clustering) to estimate the standard errors. The wild cluster bootstrap will address heteroskedasticity of unknown form when large sample assumptions do not hold and will also account for correlation within clusters. However, it is worth noting that our sample is substantially larger than the n = 30 threshold generally considered to be problematic in inferential statistics (see [40]), thus reducing concerns of small sample bias. Moreover, it has been shown that small sample bias is virtually eliminated in regression models once n = 100 is achieved [41], which our sample size is well above.





4. Results & Discussion


4.1. Single-Year Wage Earnings Results


Results from estimating versions of Equation (1) are presented in Table 2. These results capture the single year effects of megafires in flame zone counties in the year of fire occurrence. Columns (1–3) each use wage earnings data from a different source and an average across all the data sources is used in column (4). In all instances, we observe consistent evidence that per capita wage earnings decline in megafire affected counties in the year of fire occurrence, anywhere from 1.7–2.4%, depending on the source of data used. For context, average per capita earnings in megafire affected counties are $18,365 (IRS), $25,653 (CBP), and $42,113 (REIS), from the summary statistics in Table 1. Thus, the wage earnings impact results in Table 2 indicate that annual wages decline, on average, by $312 (IRS), $538 (CBP), and $1010 (REIS) in the year of megafire occurrence.



There are several possible explanations for a negative wage effect finding. First, commerce in service sectors may be reduced in areas affected by megafires due to evacuations, outmigration, and other disruptions to normal business patterns [28]. This may cause reduced economic activity and fewer labor market opportunities in a given community, pushing down wages. Second, worker health outcomes may diminish in megafire affected counties due to smoke exposure, changes in mental health, lost family members or friends, or for some other reason, which reduces worker productivity and the ability to work, thereby depressing wage earnings. This hypothesis is consistent with prior findings of an inverse relationship between air pollution and productivity (e.g., [42,43]) and with prior work on wildfire smoke exposure and human health (e.g., [44]). Third, since many megafire communities are located in sparsely populated rural areas that are often in or near national and state parks and wilderness areas, it is possible that the environmental impacts of burn scars drive away recreationists and tourists. This could lower wages in affected communities. Interviews done by Davis et al. [31] after a large 2008 fire in California support this hypothesis.



A key implication of the wage earnings result is that it contrasts with the disaster event-wage narrative previously observed for hurricanes where labor market outcomes were found to have improved in hurricane affected communities, presumably due to reconstruction and cleanup efforts and the infusion of government monies [34]. A similar narrative is often conjectured by wildfire researchers, though generally with little empirical evidence, that “fire suppression efforts provide short-term jobs and economic benefits” and that “long-term restoration projects following fire may provide continued employment” [45]. However, as our results demonstrate, the nationwide empirical evidence does not seem to support such a statement, at least for megafires in particular. This may be because wildfires generate different economic impacts versus other disasters, such as hurricanes, due to differences in the length of the events and the presence of suppression activities during a fire event, as discussed in Davis et al. [31]. This leads to a complicated relationship between wildfires and labor market outcomes, as found in Davis et al. [31], where positive wage and employment benefits are not guaranteed, consistent with our own findings in Table 2. Nielsen-Pincus et al. [28] found positive wage earnings effects of wildfires in the quarter of fire occurrence, contrasting with our results here, but they did not look specifically at megafires nor did their model account for underlying weather and sociodemographic conditions or include as robust a set of fixed effects as employed here. These differences may possibly lead to different findings, especially since megafires tend to have substantively different (i.e., more consequential) impacts on local communities compared to general wildfire events [46]. Alternatively, it is possible that some threshold exists where the wage impacts of wildfires turn negative as the extent and severity of the fire increases. This might explain the positive wage earnings finding in Nielsen-Pincus et al. [28] for general wildfires (including smaller non-megafire events) compared to the negative wage results found in the current work for megafires, in particular (and we preliminarily explore this possibility in Section 3.6).




4.2. Dynamic Trends in Wage Earnings Impacts


Results from estimating Equation (2) are shown in Figure 2. For simplicity, only the IRS wage earnings data are used here, though using either the CBP or REIS data produced qualitatively similar figures. Figure 2 shows a clear negative effect of megafires on local wage earnings in the year of event occurrence (Year = 0), of −1.7%. Interestingly, the effect persists, though at diminishing magnitudes, into Year = +1 (−1%) and Year = +2 (−0.4%). In Year = +3 and onward, the effects are negligible and are generally precisely estimated zeros, suggesting that the local wage impacts of megafires last for up to two years, at most, after initial fire occurrence. Additionally, the precisely estimated zeros for the years prior to megafire occurrence (Year = −3 and = −2) are causally consistent and act as an important placebo test because they show that there are no local wage impacts of megafires prior to when they actually occurred.



Cumulatively, if we add together the significant single year marginal effects in Figure 2, we find that megafires lower annual IRS wage earnings by a total of 1.7% + 1.0% + 0.4% = 3.1% over a two-year period. Put differently, the average worker in a megafire affected community experiences approximately $569 in total lost labor income in years 0, 1, and 2 after a single megafire occurs in their county-of-residence, based on average annual IRS wage earnings of $18,365 from Table 1. To provide context for this finding, prior research has shown that wildfires can have legacy effects on the social and economic fabric of affected communities, including longer-term impacts on social networks, mental health, stress, availability of medical care, labor market opportunities, and personal financial conditions (e.g., [6,45]). Consistent with this body of work, we are observing persistent wage earnings impacts of megafires for several years after the fire has been extinguished. That is, there is suggestive evidence that megafires have both immediate and medium-term negative effects on labor market conditions in affected communities. However, the effects tend to diminish in magnitude over time, perhaps due to federal and state disaster relief monies or insurance claim payouts, economic rebuilding efforts, or a return to normal economic and commerce conditions that existed prior to megafire event occurrence.




4.3. Heterogeneity in Wage Impacts by Megafire Size


There is little prior literature on how the labor market impacts of wildfires vary by fire attributes, and none, to the best of our knowledge, specifically looking at megafires (though see [5] for a recent example as applied to megafire size and infant health). Thus, in the spirit of Moeltner et al. [47], we preliminarily investigate how the wage earnings impacts of megafires vary based on megafire burn extent. Note that the nature of the relationship between wage impacts and megafire size is not immediately clear. On the one hand, we might expect impacts to increase in fire size due to potentially greater smoke production and environmental damage. However, on the other hand, impacts may potentially be constant or even decreasing in size since larger fires also tend to receive more fire suppression, media attention, and greater disaster and post-disaster relief resources, which may attenuate the wage impacts associated with larger fire events.



As a preliminary attempt to gain some clarity on this issue, we created three new indicator variables for megafire status based on the final burn area of the fire: 100,000–150,000, 150,000–250,000, and >250,000 acres. Equation (1) was then re-estimated using these new indicators in place of   M e g a f i r  e  c t     and the results are reported in Table 3. We find evidence that the adverse impacts of megafires on within-county wage earnings are increasing in fire size. There is also some suggestive evidence of nonlinearity—i.e., impacts that are increasing at an increasing rate in fire extent. The wage impacts of differently sized megafires (using an average of IRS, CBP, and REIS data; Table 3, column (4)) are −0.3% for fires 100 k–150 k acres in size, −0.8% for fires sized 150 k–250 k acres, and −4.6% for >250 k acre fires. That is, the wage impacts for the largest megafires (those >250 k acres) are over 15 times larger than impacts for the smallest megafires (those 100 k–150 k acres), suggestive of nonlinearity. It is not immediately obvious what is driving this heterogeneity, but the result does highlight the fact that not all megafires are created equal. In particular, learning to sustainably coexist with megafires, and wildfires more generally, may require greater suppression and disaster relief investments per acre burned for larger fires compared to smaller ones. Additionally, these heterogeneity results provide initial suggestive evidence that the wage earnings impacts of wildfires are smaller for smaller fires. It may even be possible that smaller fires than those considered here (i.e., non-megafires) generate negligible or even positive wage earnings impacts, consistent with the trend observed in Table 3 and also consistent with prior work on general wildfire impacts [28], though an exploration of this issue is left to future work.




4.4. Robustness Checks


Several robustness check results are presented in Table 4. In panel A, counties experiencing >1 wildfire or megafire event over 2010–2017 are added back into the analysis; recall that these n = 21 counties were previously dropped. Results are negligibly changed when these additional counties are included in the regressions. This suggests that the single year wage earnings impacts of megafires are similar for communities that rarely experience fire events compared to those communities that also recently experienced another megafire or general wildfire. Future work might study the sustainability implications of this finding. In panel B, we restrict the data to include only those counties where at least 20% of the county land area was burned by the megafire. This is a check on whether our >0% county overlap inclusion criterion used for the main results was too restrictive. Results are again negligibly changed due to this data re-specification, though the sample sizes are significantly reduced (due to some counties experiencing little megafire extent overlap). In panel C, the analysis is restricted to only those counties containing a major urban area with a population of at least 250,000 people. The wage earnings results are slightly smaller in magnitude now compared to the main results in Table 2, suggestive that counties containing populated urban centers experience reduced wage effects of megafires. There is no immediate explanation for this finding, but one possibility is that large urban centers have a diverse array of commerce and economic activity, such that megafires are less impactful in relative terms. However, given the extremely small sample sizes associated with this specification, the results should be taken as only suggestive. In panel D, we evaluate megafire impacts among non-California counties only. This is a check on whether our results are being driven by California alone, which, if true, would reduce results generalizability. However, we find similar magnitudes of effect as before, indicating that California impacts are not driving the main results; the negative impacts of megafires hold generally. Lastly, in panel E the wage impacts of megafires in counties immediately adjacent to megafire affected counties are studied. It is possible that wages in neighboring counties could be affected by proximal fire events if individuals live in one county, but work in another one, for example. We find some evidence of such a “spillover” effect, but the magnitude of the effect is 4–5 times smaller than the wage impacts observed in flame zone counties.





5. Conclusions


This paper investigated the local labor market impacts of US megafires over 2010–2017. We find that counties located within a megafire flame zone experience significantly lower per capita wage earnings in the year of a megafire and for up to two years after fire occurrence. To the best of our knowledge, this is the first comprehensive nationwide study of megafire wage earnings impacts on communities located within the fire perimeter, thereby shedding “new light” on the social and economic effects of megafires.



There are several important takeaways from this study. First, our finding that wages are negatively impacted by megafires contrasts with other nature disaster literature and studies from smaller wildfires. This result also provides important insight into the vulnerabilities labor markets face in a changing climate, in addition to other costs that should be factored into climate change benefit-cost analysis. Second, given the multi-year period of time studied in this work, we can provide preliminary evidence that megafire impacts, while greatest during the year of the actual fire event, do seem to persist for several years after the fire has been extinguished, though at decreasing rates. This is an important contribution to our understanding of megafires impacts and warrants further attention and scrutiny. Third, our negative wage earnings findings for several years post-fire provide new information to ongoing debates within the extant literature on local wildfire economic impacts, which has previously found a mixture of both short-term positive and long-term positive and negative wage earnings impacts (e.g., [28]). Differences between prior literature and our work might be driven by our use of a stronger set of fixed effects to control for seasonality and unobservable heterogeneity or because we focus on megafires, which might have more devastating impacts on local economies compared to smaller wildfire events. Finally, since megafire impacts on wages are nonlinear in fire burn area, an economic case can be made to justify disproportionate management responses to large megafires, specifically, those >250 k acres. Impacts of >250 k acre megafires are over 15 times larger than impacts among fires 100 k–250 k acres. This result supports previous research that calls for more suppression costs per acre burned for megafires than smaller wildfires [5].



One limitation of this study is that the specific mechanisms by which local megafires translate into differential wage outcomes were not studied. The small sample sizes available to us in the wage earnings data make it impossible to reliably parse the data into specific occupations or clusters of occupations that might be differentially affected by megafires. Additionally, our use of annual data (which is the finest time scale available across all three of the wage earnings datasets) precludes us from investigating how daily changes in smoke conditions, burn severity, and daily suppression activities might be driving the wage impact effects found in this work. Future work might consider studying these relevant mechanisms and pathways of effect.



As megafires continue to grow in frequency in the US (and globally), there is increased interest in improving our understanding of their direct and indirect impacts on society. This is important as we adapt to live sustainably with fire. The present study contributes to this ongoing line of inquiry and has the potential to be highly impactful both from an academic perspective, but, perhaps more importantly, from a policy application perspective where concerns regarding megafire management and forest fuels reductions for the prevention of megafires continue to be hotly debated in the wildfire policy domain [48].



In the spirit of Albert Einstein, we can’t solve the problem of increased megafires using the same kind of thinking that led us to this point. In other words, as we learn to coexist with megafires and wildfires in a climate-altered world, we need a better understanding of their impacts on economies to motivate suppression, control, and prevention decisions. Importantly, this work highlights the disproportionate human costs of megafires as they grow in size and extent. Developing a sustainable wildfire policy requires human ingenuity, and our results show the importance of finding a path forward that minimizes impacts to our most important resource.
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Figure 1. US Megafire Perimeters, 2010–2017. Data source: USGS GeoMAC and authors’ calculations. 
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Figure 2. Dynamic Impacts of Megafires on Annual IRS Wage Earnings (Event Study Plot). Notes: regression results from estimating Equation (2) are shown for the dynamic impact of a single megafire event on annual IRS wage earnings (coeff. × 100 to put in % terms) in counties where a megafire occurred. Year = −1 is the omitted base and Year = 0 is the year of megafire occurrence. Wild cluster bootstrap standard errors used. 
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Table 1. Summary Statistics for Megafire Counties (n = 680; Years 2010–2017).
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	Variable
	Mean
	Std. Dev.





	Per capita wage earnings (IRS) (2017$)
	18,365.85
	4624.80



	Per capita wage earnings (CBP) (2017$)
	25,653.94
	10,620.14



	Per capita wage earnings (REIS) (2017$)
	42,113.16
	8451.19



	Megafire size (acres)
	203,258.10
	173,779.9



	Fraction of county with HS diploma
	0.814
	0.083



	Fraction of county with 4-year college degree
	0.254
	0.088



	Fraction of county Hispanic
	0.385
	0.190



	Fraction of county African American
	0.024
	0.016



	Fraction of county Asian
	0.047
	0.033



	Fraction of county non-Hispanic white
	0.498
	0.203



	Median household income
	55,197.7
	12,858.3



	Poverty rate
	0.174
	0.068



	Num. of days per year mean temp. <40 °F
	44.96
	60.18



	Num. of days per year mean temp. 40–45 °F
	22.52
	16.15



	Num. of days per year mean temp. 45–50 °F
	35.14
	13.81



	Num. of days per year mean temp. 50–55 °F
	43.69
	15.51



	Num. of days per year mean temp. 55–60 °F
	48.87
	24.73



	Num. of days per year mean temp. 60–65 °F
	50.58
	25.69



	Num. of days per year mean temp. 65–70 °F
	43.71
	20.53



	Num. of days per year mean temp. 70–75 °F
	30.35
	14.59



	Num. of days per year mean temp. 75–80 °F
	22.33
	19.02



	Num. of days per year mean temp. > 80 °F
	22.75
	32.02



	Num. of days per year precipitation < 1.5mm
	315.61
	23.30



	Num. of days per year precipitation 1.5–3mm
	16.07
	9.29



	Num. of days per year precipitation 3–4.5mm
	8.68
	4.89



	Num. of days per year precipitation 4.5–6mm
	5.38
	3.59



	Num. of days per year precipitation 6–7.5mm
	4.21
	2.69



	Num. of days per year precipitation > 7.5mm
	15.14
	11.00







Sources: IRS SOI, US Census Bureau CBP, BEA REIS, USGS GeoMAC, US Census Bureau SAIPE Program, American Community Survey, NOAA NCEI.
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Table 2. Single Year Wage Earnings Impacts of US Megafires, 2010–2017.
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(1)

	
(2)

	
(3)

	
(4)






	
Dep. variable: Log per capita wage earnings (coef. × 100)




	

	
IRS

	
CBP

	
REIS

	
Average of IRS, CBP, and REIS




	
Megafire

	
−0.017 ***

	
−0.021 ***

	
−0.024 ***

	
−0.021 ***




	

	
(0.003)

	
(0.005)

	
(0.004)

	
(0.004)




	

	

	

	

	




	
Sociodemographic controls

	
Yes

	
Yes

	
Yes

	
Yes




	
Weather controls

	
Yes

	
Yes

	
Yes

	
Yes




	
County FE

	
Yes

	
Yes

	
Yes

	
Yes




	
State-year FE

	
Yes

	
Yes

	
Yes

	
Yes




	
R-squared (within)

	
0.217

	
0.102

	
0.074

	
0.081




	
Sample size

	
680

	
680

	
680

	
680








Notes: this table shows regression results of the impact of megafire events on annual (log) wage earnings in counties where the fires occurred and in the year of the fire event. Each column uses earnings data from a different source. In column (4), data used are an average of the three different data sources used separately in columns (1–3). Sociodemographic controls include: % of county with a HS diploma, median household income, % poverty rate, % Hispanic, % African American, and % non-Hispanic white. Weather controls include 10 annual mean temperature bins and 6 annual precipitation bins. Wild cluster bootstrap standard errors shown in parentheses at the county-level. *** p < 0.01.
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Table 3. Heterogeneous Single Year Wage Earnings Impacts by Megafire Size.
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(1)

	
(2)

	
(3)

	
(4)






	
Dep. variable: Log per capita wage earnings (coef. × 100)




	

	
IRS

	
CBP

	
REIS

	
Average of IRS, CBP, and REIS




	
Megafire (100 k–150 k acres)

	
−0.003 **

	
−0.003 **

	
−0.002 **

	
−0.003 **




	

	
(0.001)

	
(0.001)

	
(0.001)

	
(0.001)




	
Megafire (150 k–250 k acres)

	
−0.013 **

	
−0.009 **

	
−0.006 **

	
−0.008 **




	

	
(0.006)

	
(0.004)

	
(0.003)

	
(0.004)




	
Megafire (>250k acres)

	
−0.023 **

	
−0.069 **

	
−0.049 ***

	
−0.046 ***




	

	
(0.010)

	
(0.033)

	
(0.018)

	
(0.017)




	

	

	

	

	




	
Sociodemographic controls

	
Yes

	
Yes

	
Yes

	
Yes




	
Weather controls

	
Yes

	
Yes

	
Yes

	
Yes




	
County FE

	
Yes

	
Yes

	
Yes

	
Yes




	
State-year FE

	
Yes

	
Yes

	
Yes

	
Yes




	
R-squared (within)

	
0.224

	
0.095

	
0.077

	
0.086




	
Sample size

	
680

	
680

	
680

	
680








Notes: each column presents results from a separate regression of the impact of megafires of different sizes located within a given county on annual wage earnings in that same county during the year of fire occurrence. Versions of Equation (1) are used. Each column uses data from a different source. Sizes correspond to the final acreage burn area of the megafire. Sociodemographic and weather controls are the same as those previously used in Table 2. Wild cluster bootstrap standard errors shown in parentheses at the county level. *** p < 0.01; ** p < 0.05; * p < 0.10.
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Table 4. Robustness Checks.
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(1)

	
(2)

	
(3)

	
(4)






	
Dep. variable: Log per capita wage earnings (coef. × 100)




	

	
IRS

	
CBP

	
REIS

	
Average of IRS, CBP, and REIS




	
Panel A: Adding Multiple Fire Counties




	
Megafire

	
±0.016 ***

	
−0.021 ***

	
−0.023 ***

	
−0.021 ***




	

	
(0.003)

	
(0.006)

	
(0.004)

	
(0.007)




	
R-squared (within)

	
0.217

	
0.102

	
0.073

	
0.081




	
Sample size

	
848

	
848

	
848

	
848




	
Panel B: Counties with ≥20% Fire Perimeter Overlap




	
Megafire

	
−0.016 ***

	
−0.022 ***

	
−0.024 ***

	
−0.022 ***




	

	
(0.002)

	
(0.007)

	
(0.004)

	
(0.004)




	
R-squared (within)

	
0.218

	
0.090

	
0.064

	
0.067




	
Sample size

	
371

	
371

	
371

	
371




	
Panel C: Counties with Major Urban Area (≥250,000 Population)




	
Megafire

	
−0.014 ***

	
−0.017 ***

	
−0.018 ***

	
−0.016 ***




	

	
(0.002)

	
(0.003)

	
(0.004)

	
(0.003)




	
R-squared (within)

	
0.331

	
0.176

	
0.066

	
0.070




	
Sample size

	
42

	
42

	
42

	
42




	
Panel D: Non-California Counties Only




	
Megafire

	
−0.017 ***

	
−0.020 ***

	
−0.022 ***

	
−0.020 ***




	

	
(0.004)

	
(0.006)

	
(0.005)

	
(0.005)




	
R-squared (within)

	
0.214

	
0.197

	
0.067

	
0.070




	
Sample size

	
489

	
489

	
489

	
489




	
Panel E: Impacts in Adjacent Counties




	
Adjacent megafire

	
−0.003 ***

	
−0.004 ***

	
−0.004 ***

	
−0.004 ***




	

	
(0.001)

	
(0.001)

	
(0.001)

	
(0.001)




	
R-squared (within)

	
0.194

	
0.101

	
0.041

	
0.079




	
Sample size

	
1475

	
1475

	
1475

	
1475




	

	

	

	

	




	
Sociodemographic controls

	
Yes

	
Yes

	
Yes

	
Yes




	
Weather controls

	
Yes

	
Yes

	
Yes

	
Yes




	
County FE

	
Yes

	
Yes

	
Yes

	
Yes




	
State-year FE

	
Yes

	
Yes

	
Yes

	
Yes








Notes: each panel-column combination presents results from a separate regression using versions of Equation (1). Each column uses a different source of wage earnings data. Panel A includes counties that experience >1 wildfire or megafire over 2010–2017. Panel B restricts the data to those counties where at least 20% of the county land area is burned by a megafire. Panel C restricts the data to those counties containing a major urban area with ≥250,000 population. Panel D looks at impacts in non-California counties only. Panel E shows the impacts in counties that are immediately adjacent to megafire affected counties. Controls and fixed effects are the same as those previously used in Table 2. Wild cluster bootstrap standard errors shown in parentheses at the county-level. *** p < 0.01.
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