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ABSTRACT 

Global wood pellet production grew from an estimated 1.7 million metric tons in 2000, 

to 35.4 million metric tons in 2018. U.S. mills established over this period account for a large 

share of new supply triggered by renewable energy targets set by the European Union (EU). 

There is concern over the potential impacts of exponential growth in wood pellet supply on US 

forests.  We offer a systematic quantitative analysis to assess the effects of wood pellet 

production on forest conditions within wood pellet mill procurement areas. We rely on plot-

level information from the US Forest Inventory and Analysis (FIA) database to estimate changes 

in forest conditions (e.g. trees per hectare, carbon in trees, cubic-meter volume) between 

inventory years 2000 and 2017 across Southeastern US States. Using spatial analysis and panel-

regression for samples of timberland plots we attempt to discern pellet production effects 

associated with pellet mill size and location. Propensity score matching was used as a re-

sampling technique to select a subset of FIA plots to control for the non-random process of 

pellet mill sitting. Panel regression models controlled for various anthropogenic and natural 

factors to measure the net impact of wood pellet production on average plot-level forest 

conditions. Overall, we find increased carbon stocks and some evidence of increased removals 

associated with wood pellet production. This research will contribute to a growing body of 

knowledge related to the sustainability and future prospects of wood energy and wood pellets.



1 INTRODUCTION 

The Food and Agricultural Organization of the United Nations estimates that wood 

provides around 6% of the total global primary energy supply (FAO, 2018), and wood pellets are 

increasingly important in meeting global wood energy demand. Global wood pellet production 

between 2000 and 2018 rose from 1.7 to 35.4 million tons (FAO, 2019; AEBIOM, 2018). In 2018, 

the European Union (EU) accounted for 75% (26.0 million tons) of global wood pellet 

consumption but only 55% (19.4 million tons) of production, while the United States (US) 

consumed 5% (1.7 million tons) and produced 21% (7.5 million tons) (FAO, 2019). Around 40% of 

global wood pellet consumption occurs in the industrial electricity generation sector, while 

residential and commercial heating accounts for the remaining 60% (Fritsche et al., 2019). 

Growth of the wood pellet industry is primarily attributed to changes in EU policy 

promoting renewable fuel consumption (Abt et al., 2014). The 2009 EU Renewable Energy 

Directive (RED) set 2020 energy targets that were updated in December, 2018 for 2030 with key 

goals to: cut greenhouse gas emissions by 40% (from 1990 levels), increase renewable energy 

share to 32%, and improve energy efficiency by 32.5% (from 2007 levels) (The European 

Commission 2009; The European Commission 2018). European Union member states continue 

to address country specific energy targets with legislation to promote RED goals, some of which 

subsidize wood pellet consumption for residential/commercial heat production and electricity 

generation (Abt et al., 2014; Singh et al., 2016). 

Following the EU RED implementation, the US became the largest pellet producer and 

exporter in the world (Figure 1) (USITC, 2019; Eurostat, 2019; Thrän et al., 2017). US pellet 

exports are primarily associated with supplying feedstock for electricity generation, rather than 

the residential and commercial heating sector (Calderon, 2016). More than 100 wood pellet 

1 
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mills began operation between 2000 and 2018 in the United States Forest Service (USFS) Eastern 

and Southern regions1 of the US. 96 of these pellet mills still operate today accounting for more 

than 10 million tons of added capacity (EIA, 2019; Forisk, 2018). More than 98% of US pellet 

exports since 2012 came from ports located in the Southern US (USITC, 2019). The largest pellet 

export ports include: Baton Rouge, Louisiana; Mobile, Alabama; Panama City, Florida; 

Brunswick, Georgia; Savannah, Georgia; Charleston, South Carolina; Georgetown, South 

Carolina; Wilmington, North Carolina; Chesapeake, Virginia (SELC, 2017; USITC, 2019). 

A considerable body of research has addressed economic and environmental 

implications of the rapidly developing US wood pellet industry. Analyses have focused on a 

range of topics, including: projecting forest attributes and land use changes (Galik and Abt, 

2016; Costanza et al., 2017; Duden et al., 2017; Shrestha and Dwivedi, 2017; Fingerman et al., 

2017), estimating emissions associated with wood pellet supply chains/calculating carbon 

savings compared to fossil fuel alternatives (Hanssen et al., 2017; Jonker et al., 2014; Wang et 

al., 2015; Roder et al., 2015; Mitchell et al., 2012; Wihersaari, 2005; Magelli et al., 2009; 

Buchholz et al., 2016; Mobini et al., 2013), and the market dynamics of wood pellet production 

and trade (Ericsson and Nilsson, 2004; Fritsche and Iriarte, 2014; Henderson et al. 2017; Joshi et 

al., 2012; Junginger et al., 2011; Sun and Niquidet, 2017). 

In 2008, before the EU RED, 84% of wood pellet manufacturing feedstock consisted of 

residues and by-products from other industrial wood-product industries, while the remaining 

16% came from chips and roundwood (Spelter and Toth, 2009; Sénéchal and Grassi, 2009).  The 

growth of the pellet industry coupled with voids left behind by slowing production and closing of 

pulp mills has driven pellet manufactures to increasingly substitute industrial residues for 

roundwood (EIA, 2019; Abt et al., 2014; Thiffault et al., 2015, Forisk, 2018). In 2019 thus far, 

1 Regions throughout this analysis will refer to United States Forest Service Regions 
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roundwood constituted 23% of the pellet production feedstock, while the remainder came from 

sawmill, wood product manufacturing, and other residues (EIA, 2019). Some predict that 

increased reliance on roundwood for pellet production may be adversely impacting timberland 

conditions through intensification of timber management where these substitutions are 

occurring (McGee, 2019; Greenpeace, 2011; NRDC, 2015; Strange-Olesen et al., 2015). Despite 

concerns, few studies have addressed the direct ecological impacts associated with existing 

wood pellet production in the US. 

Two previous studies used Forest Inventory and Analysis (FIA) data to assess the impact 

of wood pellet production on US forest conditions. Dale et al. (2017) measured changes in 

timberland conditions within two fuelsheds, near the Savannah, Georgia and Chesapeake, 

Virginia export ports, defined as any county within a 75-mile radius of mills producing export 

wood pellets. They found steady or increasing timberland area, volume in trees and carbon 

stocks between 2009 and 2014 (period of major pellet growth), but found some reductions in 

the number of standing dead trees. Strange-Olesen et al. (2015) used FIA data to identify trends 

in Southern and Eastern US Forest Service regions to isolate impacts of the EU RED using 

counterfactual statistical models of the forests. Strange-Olesen et al. (2015) collect forest 

attribute data in 2006, 2009 and 2012 within a defined a procurement radii (80.47 km) around 

all operating pellet mills in the Eastern US. They found positive trends across time frames among 

many forest attributes within procurement areas (e.g. area of timberland and carbon pools), but 

also reported some decreases in the number of standing dead trees and live trees. They 

determined that capacity of wood pellet mills can explain some of the decreases in standing 

dead trees when controlling for regional covariates. 
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This analysis aims to build on previous studies in order to determine if wood pellet 

production is impacting US timberland2 conditions. As opposed to the case-study approach 

offered by Dale et al. (2017) and the regional approach from Strange-Olesen et al. (2015), this 

analysis uses systematic modelling of timberland conditions to assess FIA plot-level shifts in 

timberland structure over a longer time frame (2000-2017). This approach intended to 

determine if there is an intensification of timberland management due to the presence of 

increased demand for wood pellet feedstock by determining the driving factors behind 

significant changes in timberland conditions in the Southeastern US. The primary objective was 

to use panel regression models to estimate if the presence of wood pellet facilities has impacted 

forest conditions in the Southeast US. This was done by building a database of timberland plots 

from the Forest Inventory and Analysis database and constructing a geographic information 

system to control for heterogeneity across spatial and temporal dimensions across plots. The 

remainder of the paper is structured as follows: a theoretical framework describes the concepts 

and rational supporting the analytical approach; the methods section outlines the data used for 

calculations/estimations of the dependent and independent plot-level attributes and the 

econometric tools used to model changes in timberland conditions; the results section reports 

the impacts of wood pellet production; and the discussion offers interpretations of the results.  

Lastly, the conclusion section offers future directions and implications of the research. 

                                                           
2 Defined by the United States Forest Service as forest land capable of producing in excess of 20 cubic feet 
per acre per year and not legally withdrawn from timber production, with a minimum area classification 
of 1 acre 
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Figure 1. EU wood pellet imports between 2012 and 2018 from the US and from all other countries outside of the 

EU not including the US (i.e. EU28 Extra). 

2 THEORETICAL FRAMEWORK 

This analysis was routed in industrial location theory, regional science/economics and 

forest ecology. These three disciplines provided theory to justify the econometric methodology 

and inform interpretation of the results. The methodology was composed of a series of 

econometric models to estimate the impact of industrial wood-product facilities on plot-level 

timberland conditions. Plot-level timberland conditions are impacted by anthropogenic, and 

natural factors across time and space (Villalobos, 2018; Blackman et al., 2016). The extent and 

presence of plot-level impacts depends upon the location of industrial facilities in relation to the 

plot (Aguilar, 2009 & 2010; Aguilar et al., 2012), economic traits of the plot’s region (Abt et al., 

2014), and extrinsic and intrinsic plot-level conditions (Strange-Olesen et al., 2016; Ahmed et al., 
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2017; Timilsina et al., 2012; Parish et al., 2017). This analysis controlled for these three gradients 

of factors to elicit the impact of wood product facilities on plot-level timberland conditions. 

Traditional industrial location theory argues that facilities locate in non-random places 

based on a variety of factors that maximize profits (McCann, 1998). As Hoover (1948) pointed 

out, the location of a facility can dictate its ultimate success or failure. Weber (1909), Ross 

(1896) and others, introduced that the geographic fixation of input resources dictates industrial 

facility location. Predöhl (1928) argued that the economic traits of a location are as, if not more, 

important in the consideration of industrial location. Rawstron (1958) expanded to point out 

that both economic restrictions (regulations, labor, consumers, infrastructure etc.), and 

technological restrictions influence location of an industrial facility, while Isard (1956) explained 

that location depends upon the entire extent of spatial economic activities, with a particular 

focus on distribution and cost of inputs and outputs. Helburn (1943) similarly contributed that 

the practice of locating industrial facilities occurs across different spatial scales (e.g. national, 

regional and local). These traditional industrial theories fall short in applicability for some 

modern industries, however McCann (1998) points out that they remain appropriate for 

industries that rely on land-based heavy material inputs, who incur a large proportion of their 

expenditure from procurement and transportation costs, and especially when the manufactured 

products have relatively low value to weight ratios. Accordingly, wood-product facilities locate 

based upon principles outlined by classical industrial location theory (Boukherroub et al., 2017; 

Mobini et al., 2013; Singh et al., 2016; Sénéchal and Grassi, 2009).  

The more modern fields of regional science/economics provided insight into the 

application of industrial location theory to econometric modelling. Regional scientists identify 

industrial location as a function of internal, external and location-specific factors (Brouwer et al. 

2004; Van Dijk and Pellenbarg, 2000), and often focus on the outcome of location decisions 
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(Harris and Nadji, 1987).  Generally, these disciplines put a large emphasis on policy factors that 

influence the economic activity of a region (Porter, 2003; Temple, 1994; Kain and Meyer, 1971), 

and present methodologies for the application of modern econometric tools for regional and 

spatial analyses (Arbia, 2006; Harris and Nadji, 1987; Van Dijk and Pellenbarg, 2000; Aguilar, 

2008, 2009 & 2010; Aguilar et al., 2012). This analysis used the framework offered by industrial 

location theory and regional science/economics in order to identify the appropriate internal, 

external and location specific factors that impact sitting of wood product facilities. These factors 

were considered when controlling for the non-random placement of forest product industries. 

Further, after controlling for the placement of facilities, the subsequent modeling of plot-level 

conditions accounted for a subset of these same factors that impact timberland conditions. 

The regional classifications considered in this analysis include: USFS region, ecological 

sections, state and county. Timberland conditions can be associated with regional ecological 

traits (e.g. soil types, forest types, and climate) and/or economic conditions (e.g. policy, best 

management practices, management tendencies etc.) (Porter, 2003). Specific reasons were 

identified for the inclusion of each region. At the broadest scope, this analysis focused on the 

USFS Southern region because of the prevalence of wood pellet manufacturing for export to the 

EU (EIA, 2019; Forisk, 2018). Each state within the region carries their own respective best 

management policies that guide timberland management decisions (USDA Forest Service, 2016). 

Likewise, finer-scale county level attributes like population density, and transportation 

infrastructure helped estimate economic activity, which can be associated with the prevalence 

of timberland management (Biles, 2003). Controlling for ecological section helped allow for the 

comparisons of timberland attributes across different forest types. 

 Outside of regional traits, extrinsic and intrinsic location-specific factors impact 

timberland conditions. The confluence of forest ecology and regional science provided insight 
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into how forest resources are impacted by location-specific factors. At the plot level, these 

factors were classified into extrinsic (anthropogenic and ecological) or intrinsic (ecological) 

categories. Regional science explained how location specific anthropogenic factors impact 

timberland conditions as a direct function of timberland location in relation to industry (Aguilar, 

2010; Aguilar, 2008), while forest ecology explained how intrinsic and extrinsic location specific 

anthropogenic and ecological factors impact timberland conditions. The inclusion of intrinsic 

and extrinsic location specific factors was also informed by previous analyses that identify 

location specific forces behind forest change (Ahmed et al., 2017; Timilsina et al., 2012). 

Extrinsic location pressures on timberland conditions fall into one of two categories: 

anthropogenic and ecological disturbances. A range of factors were used to estimate the 

presence and/or frequency of anthropogenic disturbances, and in turn explain variation in 

timberland conditions. Ownership of timberland can drive differences in use and management 

practices (Siry et al., 2010; Timilsina et al., 2012; Wear and Greis, 2002). The probability of 

industrial management increases as a function of distance from industrial wood-processing 

facilities and can be indicative of management intensity and frequency (McCann, 1998; Zhang, 

2012). Extrinsic natural disturbances such as drought, weather, fire, insect, and disease also 

impact timberland conditions (Ahmed et al., 2017; Thornton, 2002). The differences across 

these extrinsic pressures were accounted for in order to estimate the impact of industrial wood 

facilities on timberland conditions. 

Intrinsic ecological factors also play an important role in explaining the state of 

timberland conditions. Site quality, aspect, species richness and diversity can all help distinguish 

between forest types and account for differences in growing conditions. Site quality and aspect 

are important predictors of plot-level timberland conditions (Timilsina et al., 2012) and may also 

impact the probability of management (i.e. plots with high site quality are more likely to be 
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managed over plots with low site quality). Species richness and diversity differ across forest 

types and help predict differences associated with forest types (Huang et al., 2018; Morris et al., 

2014). Controlling for the intrinsic ecological factors of FIA plots is essential to capturing the 

inherent differences between forest types due to natural variation and timberland 

management. 

The combination of industrial location theory, regional economics/science, and forest 

ecology provided a foundation of theories and methodologies for estimating the impact of wood 

product industries on timberland conditions. The generalized equations 1 and 2 are formulated 

from the principles outlined in the above section. 

 

𝑝𝑒𝑙𝑙𝑒𝑡 𝑚𝑖𝑙𝑙 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 = 𝑓(𝑝, 𝑟, 𝑤)                                  (1) 

 

𝑝𝑙𝑜𝑡 − 𝑙𝑒𝑣𝑒𝑙 𝑡𝑖𝑚𝑏𝑒𝑟𝑙𝑎𝑛𝑑 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠 = 𝑓(𝑒, 𝑖)                                  (2) 

 

Where 𝑝 = proximity to timberlands, 𝑟 = regional economic conditions and traits, 𝑤 = the 

presence of other wood product facilities, 𝑒 = extrinsic regional, anthropogenic and ecological 

factors, and 𝑖 = intrinsic ecological factors. The methods section elaborates on how equation 1 

was used to control for the non-random placement of wood pellet mills and subsample FIA 

plots. Subsequently, the methods describes how equation 2 was used to estimate the impact of 

wood product industries on timberland conditions. 

It is expected that more management of timberland occurred near wood pellet mills 

(after controlling for the non-random placement of wood product facilities). Table 1 outlines the 

expected shifts in timberland traits in the presence of increased management intensity and/or 

pellet industry presence. Generally, it is expected that timberland plots with more management 
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would show significant reductions in volume and carbon of live and standing dead trees, and 

increased removals of trees and volume. In some cases, the direction of shift in timberland traits 

could depend upon management practices. These instances are indicated in the expected 

direction column. 

Table 1. Timberland conditions may or may not change as a function of pellet mill presence, but it is expected that 

increased management of timberlands near wood pellet mills would shift timberland traits. The expected direction 

of change in the presence of increased management intensity is included below in the expected direction column. 

The expected direction of change was based off of available information from previous publications and datasets 

referenced in the literature cited column. A “+/-“ in the expected direction column indicates that the condition 

could increase or decrease in the presence of management intensity. 

FIA timberland 
attributes 

Description (per hectare on 
timberland) 

Expected 
direction 

Literature cited 

Carbon Natural log of tons of carbon in live 
and standing dead trees (dbh >= 2.54 
cm) 

- 
Timilsina et al., 
2012; Galik et al., 
2016 ; Jonker et 
al., 2014; Parish et 
al., 2017; Williams 
et al., 2016 

Condition carbon Natural log of tons of carbon in soil 
organic material, understory (above 
and belowground), organic material 
on the forest floor, and down and 
dead trees 

+/- 

Carbon total Natural log of the summation (before 
transformation) of carbon and 
condition carbon 

- 

Live trees Natural log of the number of live 
trees (dbh >= 2.54 cm) +/- 

Strange-Olesen et 
al., 2016; Parish et 
al., 2017; Dale et 
al, 2017 

Live tree volume Natural log of the gross cubic-meter 
volume in live trees (dbh > = 12.70 
cm) 

- 

Removal trees Natural log of the number of removal 
trees 

+ 
Galik et al., 2016 

Removal volume Natural log of the annual sound 
cubic-foot volume of a removal tree 
at the time of removal 

+ 

Standing dead trees Change in number of standing dead 
trees from the previous plot 
measurement (dbh >= 2.54 cm) 

- 
Strange-Olesen et 
al., 2016; Dale et 
al., 2017; Paish et 
al., 2017 Standing dead volume Change in gross cubic-meter volume 

in standing dead trees from the 
previous plot measurement (dbh >= 
12.70 cm) 

- 
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3 METHODS 

 There were three primary steps in the methods of this analysis (Figure 2): FIA plot 

calculation and other data collection, propensity score matching, and panel regression. The FIA 

plot calculations were made from the open-source FIA database. All explanatory variables were 

also collected and estimated from open-source data, with the exception of spatially and 

temporally explicit information on wood pellet mill operation (Forisk, 2018). Propensity score 

matching was used to control for the non-random location of wood pellet mills, and panel 

regression was used to elicit impact of wood product industries on timberland conditions. 

 

Figure 2. Outline of the methods. 

3.1 FIA data and explanatory calculations 

At the broadest level, this analysis included all plots with any amount of timberland. 

Restricting sampling to timberland plots excluded all plots that did not fit the following criteria: 

capable of producing in excess of 1.4 cubic meters of timber per hectare per year, not legally 

withdrawn from timber production, and within a minimum of .4 hectares of continuous 
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timberland (USDA Forest Service, 2018). The exclusion of forested plots not categorized as 

timberland helped to assure that anthropogenic impacts on timberland conditions were not 

exaggerated. At a finer scale, this analysis incorporated four separate sub-samples of FIA plots: 

carbon, live tree counts, and volumetric values were calculated in plots that had two 

measurements between inventory years 2000 and 2017, and one of the measurements must 

have occurred between 2012 and 2017; standing dead tree counts and volumetric values were 

calculated in plots that fell entirely within timberland and were remeasured between 2000 and 

2017; two separate samples were collected for any plot with a recorded removal volume or 

recorded removal trees. In the remainder of paper, the plot samples are referenced based upon 

the type of attributes collected in the sample. Remeasured and removal plots more generally 

refer to samples that only include remeasured plots or removal observations respectively. 

Remeasured plots were included in order to try and capture changes within plots over 

time. The time restriction for carbon and live tree remeasured plots emphasized more recent 

changes. A restriction of 6 years was chosen because the FIA program tries to re-measure all 

plots every 5 years (Roberts, 2004); expanding the restriction to 6 years captured more 

remeasured plots. Standing dead tree measures were only considered for plots that fall entirely 

within timberland to try and reduce the number of outliers derived from the expansion process 

(see further description below). 

The presence of removals indicates change in plot conditions, and thus the previous 

observation of those plots were not included in the removal samples. There were instances in 

the FIA database where removal trees did not have removal volumes. This can occur when a 

silviculture treatment killed a tree, but did not technically remove the tree (Consultation with 

USFS employees). In these cases a removal volume was recorded for a standing dead tree (i.e. 

not designated a removal tree by FIA, but it is given a removal volume) (Consultation with USFS 
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employees). In these types of scenarios, it was possible for a plot to have a recorded removal 

volume and no recorded removal trees. 

Timberland values were estimated at the plot-level using FIA data from three different 

FIA tables: Tree, Condition and Plot. Counts of trees, standing dead trees, removal trees and 

their respective volumes were aggregated to plot measurements. The FIA data was accessed 

using the refTable web-based API to assure that the most recent data was collected (Miles, 

2018). Plot-level carbon was estimated from the aggregation of measurements given at the tree 

level (carbon in live and standing dead trees) and at the condition level (carbon in down and 

dead trees, carbon in soil organic material, carbon in litter, and above and below ground carbon 

in the understory) (USDA Forest Service, 2018). Plots can be divided into multiple timberland 

conditions based upon reservation status, owner group, forest type, stand-size class, 

regeneration status, stand density (USDA Forest Service, 2018). Each type of timberland 

condition was weighted equally. Excluding the standing dead tree measures, plot measurements 

were expanded to a per hectare basis while controlling for the proportion of the plot contained 

within timberland conditions (Consultation with USFS employees). Remeasured plots were 

linked together using plot sequence numbers and previous plot sequence numbers provided in 

the FIA database to determine if each plot was measured more than once within the timeframe 

(USDA Forest Service, 2018). 

Plot-level carbon, volumetric estimates of removal and live trees and counts of removal 

and live trees approximately fit a log normal distribution (Figure 7), and thus were transformed 

by natural logs in order to retain validity of parametric statistics (McDonald, 2009). Plot 

observations that contained no carbon in live trees/standing dead trees, no volume in live trees 

and/or no trees require shifting values so that the natural log of the minimum value was 

defined. These observations often occurred in plots with high numbers of removals or presence 
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of disturbance. All of the values were shifted by ¼ of the minimum value of that attribute that 

was not equal to zero (McDonald, 2009). Shifting by different constants was explored, and the 

results remained consistent. The standing dead tree attributes did not fit a log normal 

distribution. To address this, first differences were calculated so that the first observation of 

each remeasured plot was dropped (Greene, 2012). The resulting distributions approximated a 

normal distribution (Figure 7). Various statistical tests of normality were calculated, but given 

the large size of the samples, normality was primarily assessed using visual inspection of density 

distributions and quantile-quantile plots (Ghasemi and Zahediasal, 2012). 

The estimation of the explanatory attributes for each plot often required determining 

the spatial nature of the plot. Latitude and longitude provided by the FIA database made these 

spatial determinations possible, however each FIA plot has ‘fuzzed’ or ‘swapped’ coordinates to 

protect the privacy of landowners and the integrity of the data collection process (Roberts et al., 

2005). The ‘fuzzing’ process involves randomly relocating most plots within .8 kilometers of their 

true location, while the ‘swapping’ process occurs on the remaining 0-10 % of forested plots and 

only for plots that fall within private land. The ‘swapping’ consists of exchanging coordinates 

with another similar plot within the same county (Roberts et al., 2005). A selection of attributes 

were collected and recorded at the county level which helped control for the fuzzing and 

swapping process, but given the scale of this analysis, it was not expected that the ‘fuzzing’ and 

‘swapping’ impacted the results. 

 This approach accounted for the impact of wood-product related industries by 

calculating distances of each FIA plot to pellet mills, pulp mill facilities, power plants consuming 

wood fuels, ports trading wood products and major wood pellet export ports (defined below). If 

the plot fell within the procurement area of a wood demanding sectors, a binary attribute in 

place of a distance was estimated when the wood product industry did not exist during at least 
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one year of the analysis (e.g. major wood pellet export ports did not exist until 2006) (Table 2). 

The distances were transformed by natural logs to assign more weight to the changes in 

distance near the FIA plot and less weight to changes in distance far from the plot (McDonald, 

2009). 

Location, capacity, and operating status of wood pellet mills were supplied by Forisk 

Consulting LLC. Pellet mills were categorized into small capacity (less than 91 thousand metric 

tons) and large capacity mills (greater than 91 thousand metric tons). For each FIA plot, 

Distances were calculated from the nearest small and large capacity mill. Two binary values 

were assigned to each plot if it was within 48.28 kilometers (30 miles) from a small capacity mill 

or 80.47 kilometers (50 miles) from a large capacity mill (Brandeis and Abt, 2019; Spelter and 

Toth, 2009; Stewart, 2015, Jonker et al., 2014; Sénéchal and Grassi, 2009; Boukherroub et al., 

2017; Magelli et al., 2009; Enviva, 2010; Dale et al., 2017; Strange-Olesen et al., 2015). 

Additionally, each plot was assigned a discrete value if the plot fell within multiple pellet mill 

radii. All of these attributes varied within plots across time as pellet mills open and close. Pellet 

mills were considered for a given inventory year if they were established in the previous year 

and did not close in the previous 2 years.  

The distance to the nearest pulp mill (USDA Forest Service Reports), power plants 

consuming wood fuel (EPA and DOE Reports), and port trading forest products (USDOT, 2019; 

Garcia, 2018) were calculated in order to account for the impact of these industries on the 

selected timberland attributes. Distances to ports trading forest products was a time invariant 

attribute, while distance to pulp mills and power plant were time variant. A binary time variant 

attribute for major wood pellet export ports was determined 1 if the plot was within a 120.70 

km (75 mile) radii of a major export port and 0 if outside of the radii (SELC, 2017; Garcia, 2018). 

Major wood pellet export port was defined as any port exporting wood pellets to the EU (SELC, 
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2017; USITC, 2019). A lagged palmer drought severity index (PDSI) (CDC, 2019), the population 

per hectare (USCB, 2019; NBER, 2019), and road length per hectare (USCB, 2018) were 

estimated at the county level and respectively assigned to each FIA plot. Drought and 

population were time-variant attributes, while road density was not.  

Site index (weighted average based upon condition proportion when appropriate), 

fire/weather disturbance, insect/disease disturbance, large and small diameter Shannon’s 

Diversity Index (>= 5 inches diameter breast height), cosine of aspect (so that north = 1 and 

south = -1) and public vs private ownership were all estimated or taken directly from the FIA 

database (USDA Forest Service, 2018). All of these attributes are specific to plot observations 

and can vary over time. The two disturbance attributes are binary: 1 if the plot was disturbed, 

otherwise 0. Ownership is also a binary attribute: 1 if the plot is within state or federally owned 

land, otherwise 0.  
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Table 2. Explanatory variables estimated for each FIA plot; Ф indicates variables used to estimate treatment of FIA 

plots in the propensity score matching; ꓕ indicates the explanatory variables used in the propensity score matching; 

з indicates if the measure was not used as an explanatory variable in the panel regression for any model; The first 

differences models excluded all time invariant attributes including the state and ecological subsection effects. 

Explanatory Variables Description Units Sources 

Treatment 

Distance to nearest 
pellet millФ 

Distance to the nearest pellet mill 
Log of 
kilometers 

Forisk, 2018 

Large capacity pellet mill 
presenceФ 

Within 80 km of a pellet mill with 
capacity > 100k short tons 

Binary Forisk, 2018 

Additive impact of pellet 
presence 

the number of additional pellet mill radii 
that the plot falls within 

Discrete Forisk, 2018 

Presence of major pellet 
export portsꓕ 

Within 121 km of port exporting wood 
pellets to the EU 

Binary SELC, 2017; USITC, 2019 

Time-Variant 

Distance to nearest 
biopower plantꓕ 

Distance to the nearest power plant 
producing 25,000 Mwh from wood fuels 

Log of 
kilometers 

EIA reports from 2001, 
2004,2005,2007, 2009, 
2010, 2012, 2014, 2016; 
DOE eGRID reports from 
2000, 2004, 2005, 2007, 
2009, 2010, 2012, 2014, 
2016 

Distance to nearest pulp 
millꓕ 

Distance to the nearest pulp mill 
Log of 
kilometers 

USDA Forest Service, 2019b 

PDSI 
Lagged palmer drought severity index (-
10: dry to 10: wet) of the plots county 

Continuous 
index 

CDC, 2019 

Population density Population in the county of the plot 
Population per 
hectare 

UCSB, 2019; NBER, 2019 

Artificial regeneration 
Evidence of artificial regeneration on the 
plot 

Binary USDA Forest Service, 2019a 

Large diameter diversity Large diameter Shannon’s Diversity Index 
Continuous 
index 

USDA Forest Service, 2019a 

Small diameter diversity Small diameter Shannon’s Diversity Index 
Continuous 
index 

USDA Forest Service, 2019a 

Fire or weather 
disturbance 

Plot impacted by fire or weather Binary USDA Forest Service, 2019a 

Insect or disease 
disturbance 

Plot impacted by insect or disease Binary USDA Forest Service, 2019a 

Time-Invariant 

Adjusted site index 
Weighted average of site index based 
upon proportions of conditions within the 
plot 

Continuous 
index 

USDA Forest Service, 2019a 

State or federal 
ownership 

State or federal ownership of the largest 
condition in the plot 

Binary USDA Forest Service, 2019a 

Aspect 
Cosine of aspect of the largest condition 
in the plot 

Cosine of degree USDA Forest Service, 2019a 

Distance to nearest 
forest product portꓕ 

Distance to the nearest port trading 
forest products 

Log of 
kilometers 

USDOT, 2019 

Road densityꓕз 
The length of primary and secondary 
roads in the plot’s county 

Kilometers per 
square kilometer 

USCB, 2018 

Time and Group Effects 

Inventory year 
The inventory year that the plot 
observation was measured in 

Categorical USDA Forest Service, 2019a 

Stateꓕ The state that the plot falls within Categorical USDA Forest Service, 2019a 

Ecological Section 
The ecological section that the plot falls 
within 

Categorical USDA Forest Service, 2019a 
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3.2 Quasi-randomization of timberland plots 

 This analysis accounts for the non-random location of wood pellet mills by using 

propensity-score matching to subsample FIA plots before the estimation of a panel regression 

model. Using propensity score matching can reduce initial observable heterogeneity in 

explanatory factors and lead to more accurate estimations of panel regression models 

(Ravallion, 2005; Rodriguez et al., 2007). The propensity score method controlled for various 

spatial and economic factors that impact pellet mill sitting. These factors fall into the following 

categories: the presence of wood-processing facilities, transportation infrastructure, population, 

and region. This method intended to randomize on the non-randomized locations of pellet mills 

and gain a sub-sample of comparable treated, within pellet mill procurement radii, and non-

treated plots, outside of pellet mill procurement radii. Equation 3 estimated the observed 

relationships to treatment where the independent variables were observable explanatory 

attributes that influence treatment, and equation 4 was used to estimate a propensity score 

from the probability of treatment (Becker and Ichino, 2007; Greene, 2012; Rodriguez et al., 

2002). The fundamental approach is given by equation 3 and 4: 

 

𝑃𝑟𝑜𝑏𝑖𝑡(𝑇) = 𝛿𝑥𝑖 + 휀     𝑖 = 1, . . . , 𝑛                                         (3) 

 

𝑓(𝑥) = 𝐸(𝑇 = 1|𝑥𝑖)   𝑖 = 1, . . . , 𝑛,                                     (4) 

 

where there were M regressors in 𝑥𝑖 including a constant term and 𝑛 plots. Regressors  and plot 

definition differ between the removal plots and the remeasured plots. 

 The propensity score matching for carbon and live tree remeasured observations 

included 27,878 plots, and 5830 of them were designated treated because they were within the 
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procurement radii of a large or small capacity wood pellet mill between 2012 and 2017 in their 

respective inventory year. The model’s estimation of 𝑥𝑖 (3,4) included six explanatory variables 

that did not vary over time: log of distance to nearest port trading forest products, log of 

distance to nearest pulp mill in 2000, log of distance to nearest biopower facility in 2000, 

population density of the county in 2000, road density of the county, and a dummy variable for 

state. Training of the probit model used all 27,878 eligible plots. The propensity scores given by 

𝑓(𝑥) (4) were matched one-to-one without resampling between the treated and non-treated 

samples to the plot with the closest propensity score to its own (Becker and Ichino, 2002). All 

measurements of the matched plots were collected as the final sub-sample of remeasured 

carbon and live tree plots. 

 The propensity score matching for standing dead observations included 18,397 

remeasured plots, and 4,965 of them were designated treated because they were within the 

procurement radii of a large or small capacity pellet mill between 2000 and 2017. The model 

estimation of 𝑥𝑖  (3, 4) included seven time variant explanatory variables: log of distance to 

nearest port trading forest products, log of distance to nearest pulp mill, log of distance to 

nearest biopower facility, population density of the county, road density of the county, a 

dummy variable for state and a binary if within 121 km of a major wood pellet export port. The 

subsequent collection of remeasured samples in the dead-tree plots matched the method of the 

carbon and live tree plots. 

 All removal tree and volume plots were used for the initial estimation of the two 

respective models. Propensity scores were calculated from 𝑓(𝑥) (4) and each treated 

remeasured observation was matched one-to-one with a non-treated observations without 

resampling (Becker and Ichino, 2002). Treatment of removal plots was also defined as being 

within the procurement radii of a pellet mill at the time of inventory. The initial sample of 
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removal volume plots contained 918 and 11,785 treated and total observations respectively. 

The initial sample of removal tree plots contained 867 and 11,289 treated and total 

observations respectively. For both removal models, 𝑥𝑖 (3, 4) included seven time variant 

explanatory variables: log of distance to nearest port trading forest products, log of distance to 

nearest pulp mill, log of distance to nearest biopower facility, population density of the county, 

road density of the county, a dummy variable for state and a binary if within 121 km of a major 

wood pellet export port. Propensity scores were calculated from 𝑓(𝑥) (4) and each treated 

removal observation was matched one-to-one with a non-treated observations without 

resampling (Becker and Ichino, 2002). 

3.3 Examination of variation in plot conditions over time 

This analysis used a panel regression framework to can control for the multi-

dimensional differences between regional and location specific extrinsic and intrinsic pressures 

on plot-level timberland conditions in order to elicit the specific impact of wood-pellet 

production on timberland conditions (Villalobos, 2018; Blackman et al., 2016). The general panel 

model was fit to timberland plot conditions where 𝑦𝑖𝑡  was a value of the plot-level timberland 

measure (Table 1) within the plot 𝑖 in inventory year 𝑡. 𝑥𝑖𝑡 (Table 2) included a matrix that 

encompassed human and non-human factors that systematically impact timberlands. 𝑦 could 

change over the plot 𝑖 and/or time 𝑡 as a function of the explanatory factors. Hence, changes in 

𝑦 were associated with changes in 𝑥 (Greene, 2012). Linear panel regression provided the tools 

to model changes in a matrix of explanatory factors across both time and space (Greene, 2012). 

Thus, the statistical framework of this analysis is founded in the generalized panel model given 

by equation 5. 

 

𝑦𝑖𝑡 = 𝑥𝑖𝑡
′ 𝛽 + 𝑐𝑖 + 휀𝑖𝑡   𝑖 = 1, . . . , 𝑛; 𝑡 = 1, . . . , 𝑇            (5) 
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There were 𝐾 regressors in 𝑥𝑖𝑡 including a constant term, n plots in the area of analysis, and T 

inventory years (Greene, 2012). 휀𝑖𝑡  was an error term for random events that impact timberland 

attributes across time and space. 𝑐𝑖 was a plot- or group- specific effect that did not change over 

time. Alternatively, 𝑣𝑡 could be substituted for 𝑐𝑖 as a time specific effect that does not change 

across plots. Two-way effect models incorporate the estimation of both time-specific and plot- 

or group-specific effects. If 𝑐𝑖 and/or 𝑣𝑡 contain only a constant term such that for 𝑐𝑖 𝐸[𝑐𝑖|𝑥𝑖𝑡] =

 𝜌, where 𝜌 is a constant value, then pooled ordinary least squares (OLS) estimation provides 

consistent, unbiased estimation. Alternatively, a fixed effects model estimates a plot- or group- 

specific mean 𝜌𝑖 in place of 𝑐𝑖 (6), where 𝜌𝑖 is non-stochastic, and controls for all plot- or group-

effects, and a random effects model estimates 𝑐𝑖 with (𝛼 +  𝑢𝑖) (7), where 𝛼 is a constant and 

𝑢𝑖 is a stochastic plot- or group- specific element (Greene, 2012). 

 

𝑦𝑖𝑡 = 𝑥𝑖𝑡
′ 𝛽 + 𝜌𝑖 + 휀𝑖𝑡   𝑖 = 1, . . . , 𝑁; 𝑡 = 1, . . . , 𝑇                  (6) 

 

𝑦𝑖𝑡 = 𝑥𝑖𝑡
′ 𝛽 + (𝛼 + 𝑢𝑖) + 휀𝑖𝑡   𝑖 = 1, . . . , 𝑁; 𝑡 = 1, . . . , 𝑇              (7) 

 

A mixed-effects model incorporates both fixed and random effects, so that some effects can be 

modeled as (𝛼 + 𝑢𝑖), and others as 𝜌𝑖 (Harrison et al., 2018). A general mixed effects model is 

given by: 

 

𝑦𝑖𝑡 = 𝑥𝑖𝑡
′ 𝛽 + 𝜌𝑖 + (𝛼 + 𝑢𝑖) + 휀𝑖𝑡   𝑖 = 1, . . . , 𝑁; 𝑡 = 1, . . . , 𝑇               (8)  
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where 𝜌𝑖 is the fixed effects term and is estimated as the plot- or group-specific mean for 𝑖, and 

𝑢𝑖 is the plot- or group-specific random element for 𝑖 (Harrison et al., 2018). We considered two 

groups and one time effect in the model specification: inventory year, ecological section 

(Cleland et al., 2007) and state. F-tests and Haussmann tests were used to determine the model 

specification of OLS, fixed effects, random and mixed effects (Greene, 2012). 

4 RESULTS 

4.1 Propensity score matching 

 The average standardized differences of treatment and control means were calculated 

for all continuous variables to assess the effectiveness of the matching for the removal samples 

and the remeasured samples. All standardized values were less than .06 in the remeasured 

samples and less than .10 in the removal samples. The standardized difference in proportions of 

plots within each southern state was less than .2 for all four subsamples. Generally, these 

metrics indicate that the matching produced balanced samples of treated and non-treated plots 

(Garrido, et al., 2014). The final sample of carbon and live tree remeasured plots contained 

31,188 observations of 11,660 plots. After dropping the first measurement for first differences 

and the propensity score matching the final sample of standing dead tree plots included 9,930 

observations of 7,942 plots. Figure 3 maps 1 and 2 show the spatial distribution in relation to 

the small and large capacity pellet mills of the standing dead first difference remeasured plots 

and the carbon/live tree remeasured plots respectively. The resulting removal volume and 

removal tree samples contain 1,836 and 1,734 observations respectively. Figure 4 maps 1 and 2 

show the spatial distributions of the removal count and volumes respectively. Figures 5 and 6 

show mean change before and after transformations by natural logs and first differences 

respectively.   
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Figure 3. All remeasured FIA plots after propensity score matching. Map 1 includes all standing dead tree first 

differences remeasured plots and map 2 includes all carbon and live tree remeasured plots.  
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Figure 4. All removal FIA plots after propensity score matching; Map 1 includes all removal tree plots and map 2 

includes all removal volume plots.  
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Figure 5. Means of all FIA attributes across all inventory years of the analysis; respective transformations described 

in the methods and Table 1; the means are calculated after propensity score matching and grouped based on 

treatment described in the propensity score matching methods. 
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Figure 6. Means of all FIA attributes across all inventory years of the analysis before transformations; the means 

are calculated after propensity score matching and grouped based on treatment described in the propensity score 

matching methods. 
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Figure 7. Standardized distributions of all FIA attributes for all plots after propensity score matching. All values are 

scaled so mean is 0 and standard deviation is 1. The top and bottom bars of distribution indicate the minimum and 

maximum values after transformations. 

 4.2 Panel regression 

 The propensity score matching assured that the sampled plots included in the 

regression were representative of plots with similar locations in relation to wood product 

facilities. The spatial relationship of the plot in relation to wood pellet mills accounted for the 

primary differences between the locations of treated and the non-treated subsamples. The 

regression model also controlled for a variety of other explanatory factors that can impact plot-

level timberland conditions outside of the wood product facility and regional traits used in the 

propensity score matching. Some of the strongest predictors of plot conditions were: the 

presence of insect or disease disturbance, fire or weather disturbance, artificial regeneration, 

and state or federal ownership. These traits were found to be highly significant with many of the 

FIA attributes. The model also identified a variety of significant relationships between wood 

product industries and FIA attributes. These relationships differed based upon the industry type 
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and the interaction of that industry with wood pellet facilities. This section focused on 

significant relationships considered at the .05 level, but all regression results were reported in 

the regression tables found in the appendix. Special attention was paid to significant 

relationships at the .01 level because of the large sample sizes (Biau et al., 2008). This section 

also placed more emphasis on the models with R-squared greater than .1 (all except standing 

dead tree count, standing dead tree volume and removal volume models), as it is expected that 

these models were more appropriately specified (Table 3) (Greene, 2012).  

 Figures 8, 9 and 10 show standardized regression coefficients for a variety of the 

explanatory variables. In these figures, regression coefficients are standardized in order to make 

comparisons across regressions more appropriate. The regression coefficients are transformed 

by multiplying the coefficient values by the ratio of standard deviation of the explanatory 

variable divided by the standard deviation of the response variable (Bring, 1994). The results 

and discussion sections use the untransformed regression coefficients for interpretations (see 

appendix), and the standardized figures are intended to provide a visual comparison of the 

impact of an explanatory variable across all regression models. 

The regression model identified significant positive relationships between the presence 

of large capacity wood pellet mills and plot-level carbon stocks (Table 5; Figure 9). Similarly, a 

one percent decrease in the average distance to the nearest small and large capacity pellet mill 

was associated with 10%, 3% and 2% increases in average carbon in live/standing dead trees, 

total carbon and condition level carbon respectively (Table 5; Figure 8). The regression model 

also captured a statistically significant positive relationship between plot-level carbon in live 

trees and the additive impact from the presence of multiple pellet mills. The model found 

positive relationships between the presence of a major wood pellet export port and all plot level 

carbon attributes (Table 5). The presence of major wood pellet export ports, additive pellet mill 
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impact and the reduction in distance of plot to wood pellet mill were all associated with 

increased volume in live trees. However, the additive impact of multiple wood pellet mills 

showed a strongly significant relationship with increased removal trees, such that the increase 

in one additional pellet mill was associated with a 34% increase in the average amount of 

removal trees (Table 7; Figure 9). 

 The regression model also captured a variety of statistically significant relationships as 

distances of plot to other wood product industries changed. A 1% decrease in the distance of a 

plot to a pulp mill was associated with a 1% decrease in the average amount of total carbon, and 

a 3% increase in the average number of live trees (Table 5). Alternatively, a 1% decrease in the 

distance to biopower facilities was associated with a 3% decrease in the average number of live 

trees and a 4% decrease in the average carbon stored in live and standing dead trees (Table 5). A 

1% decrease in the distance of a plot to a port trading forest products was associated with a 10% 

increase in the average number of removal trees. Additionally, a decrease in distance to port 

trading forest product was also associated with a reduction in the amount of carbon stored in 

live and standing dead trees, but an increase in overall plot-level carbon. 

The interaction terms between wood product industries and two of the treatment 

variables, distance to nearest pellet mill and within procurement radii of a large capacity pellet 

mill, provide insight to how the added pressures of other wood product industries impact 

treated plots. Notably, the model captured many significant relationships between the 

interactions and the number of standing dead trees. A 1% decrease in distance to biopower 

facility and the distance to the nearest pellet mill was on average associated with a .0037 

reduction in the average number of standing dead trees per plot. Similarly, the presence of large 

capacity pellet production and a 1% decrease in the distance of plot to a biopower plant was 

associated with a .0073 reduction in the average number of standing dead trees per plot. The 
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presence of large capacity pellet production and a reduction in distance to ports trading forest 

products was also associated with reduced standing dead trees and reduced removal trees. On 

average there were positive impacts on carbon in live and standing dead trees associated with 

reduced distance to pulp mills and the presence of large capacity pellet mills. 

 Other extrinsic anthropological explanatory variables included: the presence of artificial 

regeneration, population density, and the presence of state or federal ownership. State or 

federal ownership was associated with increases in the average plot-level carbon stocks, 

volumes in live trees, and a 27% reduction in the average number of removal trees. Population 

density exhibited statistically significant positive relationships with volume in live trees and 

carbon and an 18% decrease in the amount of removal volume. The presence of artificial 

regeneration was associated with 25%, 13% and 12%, 26% and 9% reduction in carbon in 

live/standing dead trees, total carbon, and condition level carbon stocks, volume in live trees 

and count of live trees. Additionally, there was a 27% increase in the number of removal trees 

on plots with artificial regeneration. 

The extrinsic disturbance attributes also exhibited highly significant relationships with 

plot-level forest conditions. Insect or disease disturbance and fire or weather disturbance 

generally exhibited stronger relationships than the lagged PDSI attribute. A low PDSI is indicative 

of drought conditions, and thus an increase in PDSI produced the expected result of a reduction 

in standing dead trees and increased carbon stocks. The impact of disturbance on carbon stocks 

varies based upon the type of damage. The presence of insect and disease damage was 

associated with significant average increases in carbon stocks, counts of live trees, and a 48% 

increase in the volume in live trees, while fire damage was associated with a 12.5% significant 

decrease in carbon stored in live/standing dead trees (Figure 10). The fire and weather attribute 

was also associated with significant reductions in live trees. Both insect/disease and 
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fire/weather attributes strongly predict the increases in volume and counts of standing dead 

trees.   

 The aspect and site index attributes were positively associated with plot level carbon 

stocks and volume in live trees. The diversity indices also showed many significant relationships 

with timberland traits. Higher large diameter Shannon indices were associated with higher 

carbon stocks and volume in live trees and a reduction in number of trees, while small diameter 

Shannon indices were associated with lower carbon stocks and a 92% increase in the number of 

trees per acre. 

Table 3. Descriptive statistics for the nine regressions included in the analysis. 

Model R-squared 
Adjusted R-
squared 

F statistic P-value DF-residual 

Standing dead trees 0.03 -0.132 13.1 <.001 8510 

Standing dead 
volume 

0.009 -0.157 3.7 <.001 8510 

Carbon 0.185 0.184 7048.9 <.001 31123 

Carbon total 0.163 0.162 6049.7 <.001 31106 

Condition carbon 0.223 0.222 8908.1 <.001 31106 

Live tree volume 0.209 0.208 8207.9 <.001 31106 

Trees 0.291 0.29 12745.5 <.001 31106 

Removal volume 0.056 0.04 108.0 <.001 1804 

Removal trees 0.189 0.174 396.7 <.001 1702 
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5 DISCUSSION 

Long-term timberland management can lead to increased productivity of forests (Grier 

et al., 1989; McEwan et al., 2019), however, in the short term management practices manifest 

themselves in different ways across a landscape. Management changes timberland attributes 

through harvests and silviculture treatments. These practices can lead to long term shifts in 

timberland structure and change in forest type (Grier et al., 1989; Bravo-Ovideo et al., 2015), 

but these long-term shifts are generally not captured in a 17 year window. Given that the largest 

intensification of wood pellet production occurred within the last 10 years, this analysis did not 

capture long-term shifts associated with the presence of wood pellet production, but it may 

have captured the differences associated with the long-term presence of established wood 

product industries. The resulting relationships between treatment variables and timberland 

attributes are interpreted as the short-term shifts across a landscape associated with wood 

pellet production. 

The coefficients on forest product industry variables can help explain the differences in 

management intensity in the presence of wood product facilities. As outlined in the theoretical 

framework, plots with higher gross carbon stocks, more volume in live trees, more standing 

dead trees and less removal trees were expected to have less or no timber management. The 

results also may provide insight into how long-term management induced by the sustained 

presence of facilities (pulp mills) has impacted timberland traits compared to the newer facilities 

(pellet mills and biopower).  

The presence of wood pellet production was associated with increased plot level carbon 

stocks. This could be the result of less timber management occurring in plots near wood pellet 

mills compared to non-treated plots falling within similar distances from other wood processing 

facilities. The reduction in total plot-level carbon with reductions in distance to pulp mill may be 
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associated with more management near pulp mills in the short-term or long-term. If in the 

short-term, the difference between pulp and pellet mill relations to carbon stocks could be 

explained by larger capacity for consumption of feedstock/roundwood in pulp mills compared to 

pellet mills, and the longer tenure of the pulp facilities (Forisk, 2018). The stronger demand of 

feedstock at pulp mills likely drives increased and more intensive management of timberland 

near those facilities, and has done so for a longer time. Increased trees per hectare and 

reductions in total carbon with decreasing distance to pulp mill is also indicative of more 

intensive management (i.e. abundance of smaller diameter trees). Likewise, reductions in tree 

counts and carbon stored in live and standing trees associated with decreasing distance to 

power plants consuming wood fuels may be associated with some type of increased timberland 

management. Biopower plants create a stronger market for woody byproducts, and this may 

induce more intermediate silviculture treatments or harvest of lower quality timber for 

utilization by biopower facilities. Alternatively, biopower plants may locate near marginal 

timberlands (compared to other industries) that have better access to other fuels (e.g. coal or 

natural gas), however, controlling for site index, artificial regeneration, diversity indices and 

others should help to limit capturing this relationship in the results. The increase in removals 

associated with decreasing distance to port indicate that transportation infrastructure may be 

an important predictor of timber harvests. The opposite of this trend is observed within large 

capacity pellet radii, indicating that the proximity to port may not be heavily influencing wood 

pellet mill location, even though many large capacity mills are using the export ports. 

The model also captured evidence of increased removals associated with pellet mill 

presence. The additive presence of multiple pellet mills can explain some of the increases in the 

amount of removal trees (i.e. as the number of pellet mill radii that the plot falls within 

increases, the number of removal operations harvest more trees). Outside of the ports distance 
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and interaction with large capacity pellet mills mentioned above, the additive impact of multiple 

pellet mills was the only other forest product industry variable that exhibited statistically 

significant positive associations with removals. This implies that the amount of removal trees in 

relation to location of other wood product industries (pulp mills and biopower plants) were 

relatively evenly distributed. However, the relationship observed with pellet mills did not 

translate to a significant reduction in carbon. Given that the model does not generally capture 

significant impacts of wood product industries on removals, it is probable that the carbon and 

volumetric trends associated with wood product industries have developed over longer time 

frames. This suggests that it may be too early to rule out the possibility that the intensification 

of pellet production could begin to shift standing carbon stocks in a negative direction through 

more intensified management, however, this is yet to be seen. For now, the pellet industry is 

not negatively impacting timberland carbon stocks when compared to other forest product 

industries. 

Otherwise, some of the strongest predictors of removal tree count include artificial 

regeneration presence and the diversity indices. The Shannon diversity index is a standardized 

measure that can be compared across different plots with different proportions of timberland. 

The index responds to both evenness and richness. Interpretations of the driving forces behind 

the observed relationships could vary, however, there are likely explanations. There is a 

statistically significant positive correlation between live and standing dead tree and total carbon 

stocks and the large diameter Shannon index, and a negative correlation between removals and 

the indices. These relationships are likely explained by management styles in the US South that 

are characterized by short rotation pine forests and pine plantations. Generally, managed 

forests have lower Shannon indices (Tenzin and Hasenauer, 2016; Polyakov et al., 2008). 
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Although the standing dead tree models have a relatively poor fit, across wood pellet 

treatment variables, the model fairly consistently capture impacts on the number of standing 

dead trees. The results suggest that, on average, the presence of multiple wood pellet mills was 

associated with reduction in the amount of standing dead trees. However, many of the 

treatment variables showed positive associations with standing dead trees. It is expected that 

wood pellet mills utilize standing trees for production, and this could likely be associated with 

the negative trends observed in the treatment variables. However, the discrepancies observed 

may be indicative of the difficulty in modeling these attributes at the plot-level.  

The presence of fire/weather and insect/disease disturbances were strong positive 

predictors of the number and volume in standing dead trees. There was also a strong positive 

correlation between the presence of insect and disease with plot level carbon and volume in live 

trees. This is expected because timberlands with less management and more volume are often 

more susceptible to insect and disease disturbance (Byler and Hagle, 2000). Fire and weather 

damage had significant negative correlations with plot level carbon stocks and the number of 

live trees. These results reinforce that the relationships between disturbances and carbon stocks 

play an important role in estimating forest related carbon emissions. The significant reduction in 

total carbon in the presence of fire and weather damage is likely explained by combustion 

where and when fires occur. Ultimately disturbances can reallocate carbon in live trees to 

carbon in dead trees, soil and the atmosphere. The proportional distributions of carbon after 

disturbance is dependent upon the type and severity of disturbance. The significant 

relationships between disturbance and plot level carbon reinforce the importance of these 

relationships. 
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6 RECOMMENDATIONS 

Future research can use this analysis as a model to assess the impact of wood product 

industries across landscapes. For instance, past research has shown fire-preventative forest 

management can benefit both short term and long term carbon stocks (North et al., 2009; 

Hurteau and North, 2010), and future research can continue to explore if the presence of wood 

product industries reduces risk of natural disturbances across landscapes. Future research could 

also address how forest product industries directly impact the diversity of forests, and discuss 

the ecological implications of these impacts. Alternatively, models similar to this analysis could 

be used to forecast changes in forest conditions in the presence of existing wood product 

industries by estimating location specific factors that increase the likelihood of management and 

removals. These types of models could help to more clearly identify driving forces behind wood 

product industry management. 

7 CONCLUSION 

 Assessing the utilization of woody biomass for energy production is a question of 

determining the tradeoffs associated with the industries involved. This analysis used regression 

models to assess the impact of wood pellet industries on timberland conditions in order to help 

inform these debates in the future. We found that wood pellet production was not negatively 

impacting forest conditions near wood pellet facilities based on forest inventory data. Overall, 

timberlands contain significantly more carbon as the average distance to pellet mill decreases. 

We found some evidence of increased number of removals within the radii of multiple pellet 

mills, but this did not translate to significant impacts on other timberland conditions. Overall, 

wood pellet production has not negatively impacted timberland conditions within the first 

decade or two of major industry growth. It will be important to continue to monitor the wood 
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pellet industry, especially in the case of changes to domestic policy that reduce protect areas. In 

the event that the United Kingdom leaves the European Union, it will be interesting to see 

whether United Kingdom energy policy shifts away from the EU renewable energy directive, 

which could intern have significant impacts on the US wood pellet industry. 
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APPENDIX 

Table 4. Fixed inventory year effects for first-differences standing dead tree plots.  

  Change in Standing 
Dead Trees 

Change in Volume in 
Standing Dead Trees 

  Estimate P Estimate P 

Treatment 

Distance to nearest pellet mill 0.367 <.001 -0.594 0.205 

Large capacity pellet mill presence -0.751 <.001 1.274 0.226 

Additive impact of pellet presence 0.212 0.239 0.197 0.871 

Presence of major pellet export ports -0.536 0.001 -0.6 0.564 

Interactions 

Distance to nearest pellet mill : distance to 
nearest biopower plant 

0.376 0.006 0.086 0.926 

Distance to nearest pellet mill : large 
capacity pellet mill presence 

-0.584 0.013 2.837 0.073 

Distance to nearest pellet mill : distance to 
nearest port trading forest products 

-0.341 <.001 0.504 0.332 

Distance to nearest pellet mill : distance to 
nearest pulp mill 

-0.051 0.743 -0.416 0.69 

Large capacity pellet mill presence : distance 
to nearest biopower plant 

0.732 0.014 1.219 0.544 

Large capacity pellet mill presence : distance 
to nearest port trading forest products 

0.639 <.001 1.132 0.332 

Large capacity pellet mill presence : distance 
to nearest port trading forest products 

-0.554 0.087 -1.247 0.566 

Time-Variant 

Distance to nearest biopower plant -0.087 0.474 0.168 0.837 

Distance to nearest pulp mill -0.021 0.872 0.624 0.464 

Population density 0.039 0.725 0.62 0.406 

Artificial regeneration  -0.138 0.386 -1.723 0.108 

PDSI -0.166 <.001 0.001 0.997 

Large diameter diversity -0.266 0.01 0.33 0.634 

Small diameter diversity 0.716 <.001 -1.528 0.016 

Fire or weather disturbance 0.76 <.001 6.559 <.001 

Insect or disease disturbance 1.329 <.001 11.971 <.001 
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Table 5. Fixed and mixed inventory year, ecological section, and state effects for remeasured carbon plots. 

  Carbon Total Carbon Condition Carbon 
  Estimate P Estimate P Estimate P 

Treatment 

Distance to nearest pellet mill -0.098 <.001 -0.028 <.001 -0.018 <.001 

Large capacity pellet mill presence 0.016 0.699 0.033 0.035 0 0.977 

Additive impact of pellet presence 0.125 <.001 0.008 0.52 -0.002 0.878 

Presence of major pellet export 
ports 

0.084 <.001 0.054 <.001 0.055 <.001 

Interactions 

Distance to nearest pellet mill : 
distance to nearest biopower plant 

-0.008 0.574 -0.004 0.479 -0.009 0.136 

Distance to nearest pellet mill : 
large capacity pellet mill presence 

0.058 0.165 -0.008 0.599 -0.032 0.057 

Distance to nearest pellet mill : 
distance to nearest port trading 
forest products 

-0.005 0.581 -0.002 0.603 -0.002 0.649 

Distance to nearest pellet mill : 
distance to nearest pulp mill 

0.024 0.128 0.005 0.363 0.008 0.223 

Large capacity pellet mill presence : 
distance to nearest biopower plant 

0.113 0.036 0.015 0.457 -0.043 0.053 

Large capacity pellet mill presence : 
distance to nearest port trading 
forest products 

-0.053 0.117 0.003 0.825 0.031 0.026 

Large capacity pellet mill presence : 
distance to nearest port trading 
forest products 

-0.132 0.024 0.013 0.558 0.077 0.001 

Time-Variant 

Distance to nearest biopower plant 0.042 0.001 0.001 0.897 -0.001 0.807 

Distance to nearest pulp mill 0.008 0.582 0.012 0.023 0.008 0.165 

Population density 0.041 0.001 0.007 0.121 0.003 0.588 

Artificial regeneration  -0.246 <.001 -0.127 0 -0.123 <.001 

PDSI 0.009 0.005 0.003 0.004 0.004 0.006 

Large diameter diversity 0.494 <.001 0.059 <.001 -0.071 <.001 

Small diameter diversity 0.087 <.001 -0.133 <.001 -0.147 <.001 

Fire or weather disturbance -0.174 <.001 -0.063 <.001 -0.029 0.016 

Insect or disease disturbance 0.384 <.001 0.054 0.003 0.011 0.569 

Time-Invariant 

Adjusted site index 0.008 <.001 0.001 <.001 -0.001 <.001 

State or federal ownership 0.324 <.001 0.026 0.003 -0.071 <.001 

Aspect 0 0.969 0.028 <.001 0.031 <.001 

Distance to nearest forest product 
port 

0.033 <.001 -0.013 0.001 -0.005 0.236 
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Table 6. Fixed and mixed inventory year, ecological section, and state effects for remeasured live tree plots. 

  
Volume in Live Trees Trees 

  Estimate P Estimate P 

Treatment 

Distance to nearest pellet mill -0.112 <.001 -0.014 0.059 

Large capacity pellet mill presence 0.092 0.119 -0.024 0.472 

Additive impact of pellet presence 0.117 0.016 0.048 0.068 

Presence of major pellet export ports 0.116 0.001 0.066 <.001 

Interactions 

Distance to nearest pellet mill : distance to 
nearest biopower plant 

0.001 0.972 -0.018 0.099 

Distance to nearest pellet mill : large capacity 
pellet mill presence 

0.07 0.229 -0.036 0.27 

Distance to nearest pellet mill : distance to 
nearest port trading forest products 

-0.007 0.6 0.008 0.277 

Distance to nearest pellet mill : distance to 
nearest pulp mill 

0.03 0.181 0.008 0.528 

Large capacity pellet mill presence : distance 
to nearest biopower plant 

0.142 0.06 0.024 0.57 

Large capacity pellet mill presence : distance 
to nearest port trading forest products 

-0.05 0.298 -0.006 0.803 

Large capacity pellet mill presence : distance 
to nearest port trading forest products 

-0.135 0.101 -0.046 0.302 

Time-Variant 

Distance to nearest biopower plant 0.035 0.064 0.03 0.005 

Distance to nearest pulp mill 0.038 0.067 -0.033 0.004 

Population density 0.044 0.013 -0.013 0.16 

Artificial regeneration  -0.26 <.001 -0.091 <.001 

PDSI 0.008 0.074 0.001 0.743 

Large diameter diversity 0.765 <.001 -0.121 <.001 

Small diameter diversity 0.013 0.452 0.925 <.001 

Fire or weather disturbance -0.076 0.064 -0.435 <.001 

Insect or disease disturbance 0.479 <.001 0.063 0.095 

Time-Invariant 

Adjusted site index 0.012 <.001 0 0.292 

State or federal ownership 0.327 <.001 0.026 0.132 

Aspect 0.02 0.183 0.006 0.459 

Distance to nearest forest product port -0.035 0.025 0.013 0.07 
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Table 7. Fixed and mixed inventory year, ecological section, and state effects for remeasured live tree plots. 

  
Volume in Removal 

Trees 
Removal Trees 

  Estimate P Estimate P 

Treatment 

Distance to nearest pellet mill 0.052 0.189 -0.02 0.53 

Large capacity pellet mill presence -0.098 0.437 -0.109 0.274 

Additive impact of pellet presence 0.266 0.094 0.339 0.009 

Presence of major pellet export ports -0.201 0.088 0.12 0.194 

Interactions 

Distance to nearest pellet mill : distance to 
nearest biopower plant 

0.095 0.21 -0.02 0.735 

Distance to nearest pellet mill : large capacity 
pellet mill presence 

0.052 0.767 0.174 0.186 

Distance to nearest pellet mill : distance to 
nearest port trading forest products 

-0.019 0.681 0.045 0.263 

Distance to nearest pellet mill : distance to 
nearest pulp mill 

-0.127 0.166 -0.052 0.464 

Large capacity pellet mill presence : distance to 
nearest biopower plant 

0.218 0.333 0.053 0.77 

Large capacity pellet mill presence : distance to 
nearest port trading forest products 

0.327 0.021 0.323 0.005 

Large capacity pellet mill presence : distance to 
nearest port trading forest products 

-0.319 0.196 -0.183 0.362 

Time-Variant 

Distance to nearest biopower plant -0.151 0.064 0.099 0.134 

Distance to nearest 0.215 0.019 -0.057 0.456 

Population density -0.182 0.028 -0.038 0.616 

Artificial regeneration  0.084 0.317 0.273 <.001 

PDSI -0.031 0.061 -0.013 0.317 

Large diameter diversity -0.076 0.211 -0.419 <.001 

Small diameter diversity -0.269 <.001 0.006 0.893 

Fire or weather disturbance 0.177 0.213 -0.145 0.187 

Insect or disease disturbance 0.557 0.028 0.147 0.465 

Time-Invariant 

Adjusted site index -0.002 0.008 -0.002 0.016 

State or federal ownership -0.235 0.189 -0.27 0.055 

Aspect 0.062 0.272 0.049 0.263 

Distance to nearest forest product port -0.109 0.037 -0.102 0.02 
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