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INTRODUCTION 

Mastication involves grinding, shredding or chopping non-commercial sized trees or shrubs into 
small chunks that are redistributed to the forest floor as surface fuel (McDaniel 2013).  Unlike, 
other site preparation or fuel treatments where biomass is removed, masticated biomass often 
remains on site so the total fuel loading or biomass is not reduced but reconfigured (McDaniel 
2013). Managers are increasingly using mastication to eliminate competing vegetation, prepare 
the site for natural or artificial regeneration, and to weed or clean sites in noncommercial thins 
(Jain et al. 2012). Fuel managers also use mastication to convert ladder fuels into surface fuels to 
meet one of three objectives: 1) enhance decomposition rate by placing the dead biomass in 
contact with the forest floor or soil surface, 2) make prescribed burning ignition easier and more 
controllable, or 3) slow the rate of spread if a wildfire were to burn through the unit (McDaniel 
2013; Rummer 2010). 

Numerous studies have been conducted on mastication in forest, woodland, and shrubland 
ecosystems throughout the western United States, Canada, and Spain (table 1). Vegetation at 
these sites includes mixed conifer, pinyon-Juniper, loblolly pine, ponderosa pine, oak, Longleaf 
and slash pine, chaparral, lodgepole and spruce, and gorse shrublands in Spain. In these studies, 
investigators sometimes mention the machine used to masticate the biomass, but rarely provide 
details that may guide management decisions on when and how to masticate. Instead, the studies 
have quantified fuel loadings and distribution (e.g., Battaglia et al. 2010, Kobziar et al. 2009, 
Kreye et al. 2014), soil chemical and physical properties (e.g., Busse et al. 2005; Rhoades et al. 
2012; Young et al. 2015), wildlife effects (Burnett et al. 2014; Reemts and Cimprich 2014; 
Seavy et al. 2008), understory vegetation response (e.g., Fernandez et al. 2015; Fornwalt et al. 
2017; Kane et al. 2010), potential fire behavior (Kreye et al. 2014), and fuel bed characteristics 
(e.g., Keane et al., in preparation; Kreye et al. 2011). 

Insert Table 1. 

Experienced foresters and fire managers alike recognize that how a treatment is implemented is 
critical to designing management actions. For example, prescribed fire can be implemented in a 
variety of ways depending on the time of day, weather, season, ignition pattern, and personnel.  
In the western United States, mastication is just one of several methods that can be used to treat 
understory vegetation. Other manual methods of treating vegetation can also be considered, 
including hand slashing, piling, or grapple piling followed by pile burning (Halbrook et al. 
2006). However, mastication is becoming an increasingly popular method for treating 
noncommercial material, particularly when the potential to use prescribed fire is limited because 
of smoke and its effect on air quality. Mastication, if not followed by burning, eliminates issues 
associated with smoke production. Although, mastication is becoming more popular as a 
treatment option, there is no comprehensive synthesis that provides useful tips for executing this 
management method. 

The few studies that have focused on implementation tactics have also identified several factors 
that should be addressed when considering mastication as a management tool (Bennet and 
Fitzgerald 2008; Bolding et al. 2006; Halbrook et al. 2006; Vitorelo et al. 2009; Rummer 2010; 
Windell and Bradshaw 2000). For example, there are specific carrier machine and cutting head 
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configurations that are better suited to specific physical settings (Jain et al. 2012). Some 
machines, such as carrier machines with rubber tracks, are more conducive to working in soils 
that are sensitive to compaction (Schafer 2013; Windell and Bradshaw 2000); alternatively, 
operators can limit the number of passes over any given area and use a boom mounted cutting 
head to avoid driving to every tree that is designated to be masticated (Rummer 2010). Boom-
mounted machines, particularly on large excavators, are best suited for treating tall trees, simply 
because of the height requirement needed to safely chip stems from the top down when possible.  
Alternatively, small carrier machines with front-end mounted cutting heads on the machine may 
be more practical for sensitive landscapes, such as a wildland-urban interface (Coulter et al. 
2002), and tend to be better tailored to treating younger stands and shrubs. Forestry equipment 
has evolved to meet the needs of a wide range of silvicultural treatments to reduce or redistribute 
fuels.  The variety of mastication configurations provides the opportunity to match the best 
equipment to finish a project efficiently and safely, and meet management objectives.   

Figure 1. Photograph of masticator working in and around buildings 

The objective of this report is to produce a synthesis of current knowledge that informs 
management decisions concerning the application of mastication as a fuels-treatment and 
silvicultural method. Specifically, this report will: 1) illustrate the variety of mastication 
combinations that can be used to treat biomass, 2) summarize potential ecological effects from 
mastication, 3) highlight attributes that must be considered by managers as they develop 
mastication treatment projects, associated stand prescriptions, and contracts, and 4) provide 
decision trees to determine treatment options and implementation tips. In addition to providing a 
synthesis of current literature and web resources available, we also sought to summarize lessons 
learned from several mastication experiences conducted on experimental forests in the Inland 
Northwest as part of two mastication research projects funded by the Joint Fire Science Program. 
To guide our synthesis of the literature and lessons learned from these field experiments, key 
management or operational questions are shown as sidebars to help refer readers to topics of 
interest for different projects.   

 

METHODS 

Literature and Technical-Report Syntheses 

We explored the scientific and technical literature to determine what machinery was used to 
masticate vegetation in mixed-conifer forests, woodlands, and shrublands across the United 
States, Canada, and Europe (table1). We also focused our literature search on three categories: 
papers that discussed mastication execution, fine-fuel outcomes, and ecological effects. The 
keywords that guided the literature search are mastication, mulching, slash busting, 
noncommercial fuel treatments, hazardous fuel reduction methods, mulching equipment, and 
mastication equipment. In addition, other scientists in forest operations were contacted to obtain 
technical articles and antidotal information associated with mastication that may not occur in the 
scientific literature. We also investigated several documents summarizing mastication studies for 
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The Joint Fire Science Program (www.firescience.gov). We used the “Forestry Mulcher Guide” 
(Catalytic Response, LLC, 2017) to get summaries on available equipment and equipment 
specifications. Technical journals, including Logging and Sawmilling Journal and Timber West, 
provided short concise technical updates on mastication equipment; and the Forest Resources 
Association Inc. has produced technical releases that provide evaluations of particular types of 
mastication equipment that we used in this synthesis. 

Evaluation of Masticated Particles From A Field Study 

Besides the literature synthesis, we also integrated data collected from masticated sites 
throughout the Rocky Mountains (Keane et al., in preparation). We sampled the sites to 
determine particle sizes, shapes, and fuels loads resulting from different machines to explore the 
characteristics of the material that each machine laid on the ground. 

Site Descriptions 

Fifteen sites were sampled for this study (table 2). The sites were all in mixed-conifer stands that 
varied in time since mastication. The stands on Priest River Experimental Forest (EF), Deception 
Creek EF, and University of Idaho EF were classified as moist mixed conifer forests. Most were 
dominated by western hemlock (Tsuga heterophylla), western red cedar (Thuja plicata), western 
white pine (Pinus monticola), and western larch (Larix occidentalis). The University of Idaho 
site was a ponderosa pine (Pinus ponderosa) plantation that was sampled by University of Idaho 
technicians in cooperation with our mastication study but using different sample methods. All 
other sites were mixed-conifer sites from dry or xeric environments that were dominated by 
ponderosa pine. These sites ranged from central Idaho to southern New Mexico and east to the 
Black Hills EF. 

Insert table 2 

Figure 1. map of study areas 

Sampling Protocols 

At each site, a 20 x 50 m macroplot was located and masticated materials were collected from 20 
locations within this macroplot according to methods described by Hood and Wu ( 2006). The 
materials were collected from a 0.5 x 0.5 m microplot using a frame to ensure all dead organic 
materials were collected down to bare soil. Materials were sorted as fresh litter (i.e., materials 
deposited since mastication took place), masticated particles, and ultra-fine materials, we called 
“duff” from these microplots. 

Sample Characterization 

Samples taken from 151 microplots, were sorted into the major components of each masticated 
fuelbed, which included fresh litter, masticated wood particles, bark, and duff. After determining 
the weight of total loads for each microplot by adding together the weights of each sorted shape 
and size class, a subset of the microplot particles was randomly selected from each size and 
shape class to measure individual particle characteristics, including dimensions, weight, and 
moisture content. We tried to select a consistent proportion of particles for the subsample 
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(usually 2-5% of the total number of particles) to conduct the finer scale measurements and 
weights on the individual particles. However, in many cases, this selection was limited by 
availability in the size or shape classes (see Keane et al., in preparation for details on 
characterizing the mastication particles). A total of 5609 particle descriptions on length, width, 
dry weight, particle density, particle volume, and particle surface area were made (Arseneau 
1961; Keane et al., in preparation). Particle surface area and bulk density were compared for 
each of the four machine types used to masticate materials in this field study. 

Site Comparisons 

The focus of the field sampling was to determine how the masticated particles changed with time 
when left on the ground to decompose. The sites could be paired as old and new masticated 
materials because they were (1) taken from the same type of forest and (2) located close together 
geographically but (3) masticated in different years. Those sites that were not next to each other 
in the same forest, such as Deception Creek 1 (DC1) and Priest River 1 (PRCC1), were paired 
with at least two other sites that had the same forest composition and structure; this produced a 
range of particle characteristics and fuel loads from different masticating machines to compare 
for this study. Particle characteristics and fuel loads were determined for each site to make the 
comparisons equitable. Details on site selection, macroplot placement, and sampling technique 
can be found in Keane et al., in preparation. 

Our fine-fuel evaluation included 1-hour, 10-hour, and 100-hour time-lag classes. For this 
analysis, we combined our field data with data (means and standard errors) collected by Kane et 
al. (2009) and Battaglia et al. (2010) to evaluate variability in fine-fuel amounts across sites and 
whether there were differences when compared to untreated areas. 

Statistical Analysis of Cutting Head and Fuel Particle Characteristics  

To explore the characteristics of cutting heads using a database of equipment types and 
characteristics obtained from http://www.forestrymulcherguide.com, we used regression analysis 
to determine diameter-to-cutting head horsepower and diameter-to-weight relationships using the 
regression procedure in “SAS” software (Myers 1990; SAS Institute 2013). We used a log 
transformation of diameter to address residual error normality and variance homogeneity. 

We used the non-parametric Mann Whitney (Wilcoxon) tests in the R package to explore 
relationships between surface area means and two cutting groups on the moist mixed conifer 
study sites. We used a Kruskal-Wallis nonparametric test to explore the relationships between 
the cutting heads or chipping on fine-fuel amounts. The data were tested for normality and 
homogeneity in the statistical package R using Q-Q plots and Levine and Bartlett tests (R 
CoreTeam 2015). 

The third statistical analysis was a meta-analysis using data from two published studies 
(Battaglia et al. 2010, Kane et al. 2009) and our field study to determine the variation in fine 
fuels across sites. Meta-analysis is a method specifically developed for combing weighted results 
from various comparable studies such that an omnibus test of treatment effects can be conducted 
analogous to standard Analysis of Variance (ANOVA) methods. The null hypothesis that all 
three study effects are simultaneously zero was assessed using the R package metafor 
(Viechtbauer 2010). Post-hoc pairwise comparisons of the three studies were evaluated using the 

http://www.forestrymulcherguide.com/
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multcomp package in R (Hothorn et al. 2008). The false discovery rate for the pairwise 
comparisons was controlled using the Benjamini-Hochberg method (Benjamini and Hochberg 
1995). 

RESULTS 

Literature Synthesis: Characteristics of Masticating Machines and Cutting Heads 
The literature synthesis revealed that mastication requires three pieces of equipment that are used 
in combination to shred trees or shrubs (Catalytic Response, LLC, 2017). These three pieces 
included the carrier machine, cutting head, and cutting-head attachment. The equipment 
configurations that combine the three pieces offer managers several opportunities, if available, to 
match the equipment to the site and management objectives. We provide a short summary that 
illustrates the range of options. Specific details can be located in Technical magazines or the 
Forestry Mulcher Guide (Catalytic Response, LLC 2017). 

Carrier Machines 
Carrier machines can be excavators, skid steers, tractors (skidders) with hydraulic systems, or 
tractors with power take-off systems (PTO) and they vary in the amount of horsepower, length, 
and clearance. There are at least 70 different carrier machines with tracks that range in 
horsepower from 99 to 765 foot-power sec-1(Catalytic Response, LLC. (2017)(table 3). The 
forestry mulching guide (Catalytic Response, LLC 2017) also summarized 30 carrier machines 
that have wheels and operate at 160 to 500 horsepower. Carrier machines with the cutting head 
attached also vary widely in configuration and size (table 3). The dimensions of the carrier 
vehicles with tracks range from 166 to 410 in long and 96 to 135 in high. Ground clearance also 
varies from 13 to 26 inches. Depending on the size of the machine, small machines can weigh as 
little as 13,500 lbs. and the largest machines can weigh up to 62,800 lbs. The carrier machines 
with wheels range from 247 to 358 in long and 112 to 130 in high. Widths range from ** to **, 
ground clearance ranges from 19 to 21 in, and they weigh between 16,100 to 38,000 lbs. Carrier 
machines can be dedicated to do mastication exclusively or have masticating heads attached; 
both configurations have benefits and trade-offs depending on the site and project objectives 
(Schafer 2013). For example, dedicated mastication machines may be more effective in large 
units and when treating large diameter trees (>8 in diameter). In contrast, machines with 
masticator attachments may be more effective around homes.  

In general, whether for wheeled or tracked machines, machine width is among the most 
important considerations that may directly affect the feasibility of stand prescriptions when 
designing mastication treatments. This is because machine wheel base width or track width 
determines the minimum spacing allowable for at least a portion of the residual stand (the 
portion the equipment passes through). In our study on the UI Experimental Forest, a CAT 320B 
excavator with a Denis brushing head conducted treatments. This machine has a track width of 
approximately 9.3 ft (112 in). Assuming approximately two feet of clearance on either side, the 
residual spacing for a stand treated with this machine might be approximately 14 feet between 
stems, or 220 trees per acre, in theory, to avoid causing damage. In practice, however, because of 
the height of the cab, movements of the boom, and potential for the large machine to slide a bit 
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as it maneuvers on slopes, a machine of this size probably should not be used in stands leaving 
less than 150-200 stems in the residual stand if spacing is to be uniform. Trails can be 
implemented in ways that allow equipment to work for considerable distance in between, with 
spacing of 50 feet or more between trail centers. If variable spacing in the residual stand is an 
option, then spacing in trail areas can be a bit wider than the treated areas in between. Smaller 
excavators may have track widths of 70-80 inches and are a more flexible option for treating 
young stands. They will also cause less crown and stem damage while working. However, they 
have the disadvantages of 1) not being able to reach as far to treat areas in between trails, and 2) 
not being able to reach as high to reach the tops of taller trees.    

 

Insert table 3 

Figure  2. photos of carrier machines 

Figure 3. figures of tracks (steel and rubber tracks) and tires  

Cutting Heads 
There are two general types of cutting heads for mastication work.  Each has advantages and 
disadvantages. Vertical shaft cutting heads are a disk and can either have fixed teeth or a 
swinging blade similar to a mower; they are best suited to masticate shrubs and saplings and, 
when boom mounted, can remove larger trees (table 4). Because the vertical shaft cutting heads 
tend to be narrow, the operator has the ability to reach around trees and it works very well on 
broken topography. This type of cutting head is more suited to creating chunks. It shreds the 
biomass and produces ragged stumps. In contrast, the horizontal shaft is a drum (rotor) with 
fixed teeth, swinging hammers, or fixed knives. These heads tend to be wider than vertical shaft 
cutting heads. Horizontal heads tend to create small pieces and chips and leaves clean- cut 
stumps.  For cutting heads, the models range in size and power (Catalytic Response, LLC 2017) 
(table 5). Cutting heads on excavators can have relatively narrow working widths (20 in to 91 in) 
and can weigh from 320 lbs to 6,800 lbs. Skid steers tend to have cutting heads that are wider (36 
in to 83 inches wide) but only weigh 660 to 3400 lbs. Tractors with hydraulic systems can have 
cutting heads that range in working width between 58 to 101 inches and weigh from 1800 to 
10,800 lbs. Tractors with PTO have the greatest number of different cutting head models and 
range in size from 39 to 118 inches working width and weigh 948 lbs to 11,757 lbs. Catalytic 
Response, LLC 2017). Each cutting head has its own carrier machine requirements; but typically 
the larger the cutting head, the greater the need for a large engine and more hydraulic power 
from the carrier machine. Some cutting heads have their own power source.  Single purpose 
masticators (only masticate) are, in general, more powerful than carrier machines that have 
attachments (Schafer 2013). 

 

Insert table 4 

Figure 4 pictures of different cutting heads 

Figure 5 pictures of different ways to mount the cutting heads 
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Insert table 5 

From the forestry mulcher guide (Catalytic Response, LLC 2017), clearly, the power of the 
cutting head and the power of the machine needed to run that cutting head are closely related to 
tree size (figure 6).  We identified a statistically significant relationship (p< 0.0001) indicating 
that as tree diameter increases, machine power horsepower also increases, as does the cutting 
head weight (r2=0.60). If the target tree size to be masticated is large, the need for a larger and 
more powerful cutting head is greater, which will also require a complimentary machine to 
produce the power needed to masticate large trees.  

Insert figure 6 regression of tree size and horsepower and cutting head size 

 

Since 2000, numerous manufactures have developed carrier-cutting head combinations that can 
fulfill a particular mastication need depending on availability. The forestry mulcher guide 
(Catalytic Response, LLC 2017) noted seventy-four different manufacturers that produce 
masticating heads (434 models) designed to be either machined mounted or boom mounted on 
excavators (256 models), skid steers (117 models), tractors with hydraulic systems (65 models) 
or tractors with power take-off systems (296 models). The guide also identified cutting heads 
that have fixed teeth (189 models) or have swinging hammers or swinging knifes (245 models). 

Head Attachments 
Cutting head attachments are the third configuration identified during the literature synthesis.  
Like carrier vehicles and cutting heads, these attachments can also vary in configuration.  Both 
cutting heads can be mounted on the front-end of a carrier machine, boom mounted, or pulled. 
Boom mounted cutting heads, when attached to excavators are considered long-reach excavators, 
and the extended arm for more efficient operations in hard-to-reach locations. The extended arms 
for long reach excavators can range from around 40 feet to over 100 feet (purchasing.com 
http://www.purchasing.com/construction-equipment/excavators/types-and-attachments/).  

 

Literature synthesis:  Operator and Economic Factors 

Operator Experience level 
There are several anecdotal references from the literature that point to the importance of operator 
experience to complete mastication treatments effectively.  Operator skill can highly influence 
mastication outcomes and the efficiency of operating the machine (Coulter et al. 2001; 
Kryanowski, Wendell and Bradshaw 2000). A machine with a mastication cutting head is a very 
powerful machine that is performing a violent activity of shattering, grinding, or shredding 
wood.  Moreover, because of the violent nature of the work, a machine can be destroyed in a few 
weeks by an inexperienced operator (Kryanowski year).  A boom-mounted machine requires the 
operator to reposition the carrier machine and to maneuver the cutting head to the target tree.  
The operator must maneuver the machine to the best location and then move the head to the 
target tree (Wendell and Bradshaw 2000). Boom-mounted machines have less operator visibility 
and thus may require a more skilled operator to efficiently accomplish the task. An 
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inexperienced operator may need a spotter to help guide him, which adds another crew member 
and makes the spotter vulnerable to objects coming from the machine (Bolding et al. 2006). The 
more experienced the operator, the more cost efficient the project will be regardless of the 
machine and the overall site impact from tree damage to soil impacts may be less (Vitorelo 
2009).  

Costs  
There are a limited number of studies that compare costs associated with mastication. Vitorelo et 
al. (2009) stated that costs can range from $100 to 1385 acre-1 ($250 to $3500 ha-1) USD. The 
factors that affected cost included the slope and residual tree density, steep (> 20%) slopes and 
high residual density (> 100 trees acre-1, 250 trees ha-1) increased costs (Coulter et al. 2002, 
Halbrook et al. 2006).  Costs increased when diameter of biomass that is treated increased 
(Vitorelo et al. 2009). This is in part due to the proportional relationship between tree stem size 
and equipment size. Whether mounted with vertical (disk) or horizontal (drum) type head 
attachments, excavator-base mastication equipment will always require 1) more horsepower to 
treat larger stems; and 2) greater boom length to physically reach higher up taller trees that occur 
in more mature stands. Larger machines are also safer, as they are better protected against falling 
tree hazards, and have greater stability when manipulating larger stems. When fuels were 
incompatible with the machine’s cutting head or carrier machine, then treatment costs increase 
due to low productivity. For example, cost of treatment increased by 1% for every additional ton 
per acre of fuel loading (Fight and Barbour 2005). In our experiment on the UI Experimental 
Forest, a CAT 302B tracked excavator carrier with a Denis horizontal shaft mulching head took 
20 seconds longer per stem to masticate individual trees when producing fine chips than when 
producing chunky chips, and cost an additional 57 cents per tree (Lyon et al., in prep). Assuming 
200 trees are being masticated per acre in a theoretical stand treatment, that individual tree cost 
equates to an additional $114 per acre of treatment cost to produce fine chips, which is often not 
a desirable result (Lyon et al., in prep).    

 

Literature synthesis: Ecosystem Response  

Vegetation 

We identified 20 studies (Appendix A) that discussed vegetation response associated with 
mastication but trends in that vegetative response varied across forest types and regions. Nine of 
the studies noted vegetative benefits associated with mastication. For example, Brockway et al. 
(2009), noted that mastication in eastern pine and hardwoods in Georgia led to an increase in 
woody and herbaceous plants in the first 2 to 3 years after treatment. In pinyon-juniper (Pinus 
Edulis-Juniperous spp.) woodlands, mastication contributed toward maintaining a shrub-
dominated system and mastication also tended to have increased cover and species richness 
when compared to other treatments (Bybee et al. 2016; Shakespear 2014; Young et al. 2013a). 
Dry mixed conifer forests, primarily in California and Colorado, identified negative and 
positive vegetative outcomes. Burnett et al (2014) and Collins et al. (2007) noted that mastication 
reduced shrub and herbaceous cover 2 to 6 years after treatment. Collins et al. (2007) added that 
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when prescribed fire is applied to masticated sites, species richness was enhanced but there was 
also an increase in nonnative species. In contrast, Fornwalt et al. (2017) found that masticated 
sites had higher understory plant richness and cover and had little effect on shrubs when they 
compared their results to a control (no treatment). After chaparral (Calystegia sp.) ecosystems 
were masticated, they tended to have an expansion of nonnative grasses and a reduction in native 
forbs (Perchemlides et al. 2008; Potts and Stephens 2009; Potts et al. 2010). In gorse (Ulex sp) 
shrublands in Spain, Fernandez et al. (2013a,b, 2015) and Fernandez and Vega (2016) added 
that burned areas had greater species richness than masticated areas. Reemts and Cimprich 
(2014) noted that masticated sites on oak shrublands in Texas had lower shrub heights for at 
least four growing seasons. 

Tree mortality and regeneration also varied across ecosystems on masticated sites. In mixed 
conifer forests, there was minimal tree mortality from mastication (Collins et al. 2014; Kreye 
and Kobziar 2015). Moghaddas et al. (2008), noted variation in tree species seedling density as a 
function of soils substrate created form mastication, prescribed fire, and mastication followed by 
prescribed fire. They identified that black oak and sugar pine seeding density was less in all 
treatments when compared to the control. However they found that ponderosa pine and Douglas-
fir (Psuedotsuga menziesii) seedling density increased in masticated sites followed by prescribed 
fire and on sites that only had prescribed fire. Hamma (2011) identified no significant differences 
between mastication and prescribed fire for stand-level carbon.  

Soil Erosion, Compaction, Structure, Moisture, and Nutrients 

We identified 17 studies that evaluated the effect of mastication on soil compaction, erosion, and 
nutrition (Appendix A) (figure 7). Three studies in mixed conifer forests in California noted that 
mastication did not adversely increase erosion (Hatchett et al. 2006, Moghaddas and Stephens 
2008), particularly when residue covered > 25% of the study area (Harrison et al. 2016). Soil 
compaction was also insignificant when machines drove over masticated residue (Moghaddas 
and Stephens 2008). Cline et al (2012) noted in pinyon-juniper (Psites that bare plots with 
masticated residue had higher infiltration rates and lower sediment yield than bare plots without 
masticated residue. Also in pinyon-juniper ecosystems, Ross et al. (2012) found that soil 
aggregate stability was lower in thin-pile-and burn treatments and masticated sites when 
compared to no treatment. 

Figure 7, picture of soil erosion and compaction, rutting etc. 

Soil moisture and temperature did vary in masticated sites when compared to other treatments. 
Gottfried and Overby (2011), noted in pinyon-juniper woodlands that masticated sites served as a 
mulch and the residue prevented the infiltration of rain water leading to a decrease in soil 
moisture. However, other studies conducted on pinyon-juniper sites showed masticated sites had 
higher soil moistures (Owen et al. 2009; Rhoades et al. 2012, Young et al. 2013b) than untreated 
sites and Rhoades et al. (2012) found similar results on ponderosa pine forests. These studies 
also showed that the residue mitigated temperature extremes when compared to temperatures 
measured on untreated sites. Microbial activity did not differ among mastication and other 
treatments on chaparral in California or southern pines in South Carolina (Southworth et al. 
2011; Stotlemyer et al. 2013).  Most studies did not identify a decrease in C and N; and some 
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studies identified an in increase in plant available nitrogen on masticated sites when compared to 
controls (Moghaddas and Stephens 2007; Rhoades et al. 2012). 

Insects, Mammals, and Birds 

There were five studies that focused on insect or wildlife habitat (Appendix A). In mixed conifer 
forests in California, Apigian et al. (2006) observed that treatments (prescribed fire, mastication) 
showed that overall beetle community composition changed because of the based treatments, but 
remained diverse and abundant. In similar forest ecosystems, only deer mouse populations 
diminished on masticated sites but other small mammals did not appear to be affected by 
mastication or prescribed fir (Amacher et al. 2008). Also on California mixed conifer forests, 
Burnett et al. (2014) found that bird communities only moderately were affected by mastication 
and other thinning treatments. In oak woodlands and chaparral ecosystems, some bird species 
were favored after mastication, particularly if their habitat needs contained open areas (Seavy et 
al. 2008). In oak shrublands in Texas, Reemts and Cimprich (2014) did not find any differences 
in the probability of black-capped vireo nests on masticated sites when compared to a control. 
Overall recommendations included that 1) mastication could replace prescribed fire with no 
effect on vireo nesting (Reemts and Cimprich 2014), 2) that size and shape of treated areas could 
benefit some bird species (Seavy et al. 2008), and 3) that diversifying treatment types in an area 
could increase habitat heterogeneity benefiting multiple leaf litter arthropods including rare 
species.  

Fine Fuels 
Fine fuels have been found to vary significantly among sites within specific studies, as shown in 
table 6. Battaglia et al. (2010) identified that 1-hour and 10-hour fuels on masticated sites were 
significantly greater than untreated controls from four different cover types in Colorado. 
However, 100-hour fuels were not significantly different between masticated and untreated sites 
except in juniper and pinyon and ponderosa pine sites. On pinyon and juniper sites, when 
compared to untreated sites, there was a 72% increase in 1-hour fuels, 90% increase in 10-hour 
fuel, and 75% increase in 100-hour fuels. Kane et al. (2009) also showed significant differences 
among shrub and hardwood dominated sites in California. For the 1-hour fuels, sites range from 
1 mg ha-1 to as high as 9.8 mg ha-1.  The 10-hour fuels ranged from?  6.1 mg ha-1 to 10 mg ha-1.  
In our field study, we did not see any significant differences among the forest types we measured 
in 1-hour and 10-hour fuels, but we did find that the most productive sites (moist mixed conifer) 
had more fine fuels than the less productive sites (dry mixed conifer and ponderosa pine).   
When we conducted a meta-analysis to determine if similar fine fuel loads were created among 
different studies (Battaglia et al. 2010, Kane et al. 2009, field study) we did identify some 
differences. For 1-hour fuels, sites measured by Battaglia et al. (2010) had significantly more 1-
hour fuels than either Kane et al. (2009) or our sites, particularly masticated sites on the 
Lodgepole pine (mean of 16.9 with a 95% confidence interval (CI) of 5.3 and 28.5 mg ha-1) and 
mixed conifer forests (mean of 23 mg ha-1 with a CI of 5.7 to 40.2 mg ha-1). Among the different 
studies, there was more variation in 10-hour fuels among the sites. For example, Kane et al. 
(2009) had some sites exceed 15 mg ha-1. Battaglia et al. (2010) also had high amounts of 10-
hour fuels (18 to 24 mg ha-1). However, when comparing10-hour fuels across the three studies, 
our meta-analysis did not identify any significant differences. The 100-hour fuel amounts were 
consistent across the sites and studies except on the more productive sites (Battaglia et al. 2010 
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dry mixed conifer and Field study moist mixed conifer), where more variation tended to occur. 
Regardless of these appearances, there were no significant differences among the studies. 
Insert Table 8  

Insert figures 8, 9, 10. 1, 10, and 100-hour fuels across studies and sites using meta-analysis 

Particle Surface Area 

Cutting heads did lead to significant differences in surface area (cm2) among the 1-hour, 10-hour, 
and 100-hour fuel amounts (figure 11). In the dry mixed conifer sites and juniper-pinyon 
woodlands, chipping created the smallest pieces in 1-hour (7 cm2), 10-hour (19 cm2) and 100-
hour (77 cm2) time fuel classes. The vertical shaft cutting heads with fixed teeth tended to create 
the largest piece sizes within a given fuel time-lag, 22 cm2 in 1-hour, 65 cm2 in 10-hour, and 300 
cm2 in 100-hour fuels followed by similar cutting heads but with swinging knives (16 m2 for 
10hour, 48 m2 for 10-hour and 173 m2 for 100-hour). The surface area of each time-lag fuel 
created by horizontal shaft cutting heads did not exceed surface area of sites masticated with 
vertical shaft cutting heads. In the moist mixed-conifer forests, significant differences in surface 
area occurred only in the 1-hour size class. Although, the means appear different, the variation in 
each fuel class was not significant in the 10-hour and 100-hour fuel classes.  

Insert figure 11: particle surface area results 

DISCUSSION 
Sidebar: Questions important to mastication implementation 

When designing mastication projects, a site assessment identifies the scope of work, matches the 
appropriate equipment to the project goals and objectives, and identifies the level of operator 
experience needed to meet the desired outcomes (Nyland 2016; Windell and Bradshaw 2000). 
Nyland (2016) noted that selection of equipment must meet the task, but not be oversized; and 
ideally it is best to use the smallest equipment possible without making the project inefficient.   
The wide range of machine options provides opportunities to identify the best machine 
combinations that may be suited for a project, but the decision is dependent on several factors. 
To aid in deciding what equipment may best fit the project and whether or not mastication is a 
good option, we identified a series of questions that, when answered, can help inform whether 
mastication is a viable treatment and  mastication equipment is a viable tool (Hover 2012; 
Schafer 2013; Windell and Bradshaw 2000).  

Topography and Physical Setting  
Sidebar: topography and physical setting: What is the slope angle of the topography? 

Is the terrain consistent or broken with a diversity of slopes, draws, and creeks? 

There are several physical setting attributes that can guide machine selection for the particular 
task. These include slope angle, terrain, piece size, size of units, and if the soils are vulnerable to 
compaction or erosion, or there are homes, or other areas that need protection.  
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Slope Angle and Terrain 

Ground based carrier machines typically are most efficient on slopes less than or equal to 35% 
slope angle.  However, with the improvements to ground based machines to work on steeper 
slopes, there a few more options to treat sites with mastication depending on the carrier machine. 
Visser and Berkett (2015) suggest that rubber-tired skid steer and tractors should be operated on 
slopes less than or equal to 35%, excavators, crawler tractors, or similar machines should operate 
at or below 40%, and ground equipment specifically designed for operating on steep slopes 
should not exceed slopes > 50%.  

If the terrain is uniform (figure 12), then a machine mounted cutting head maybe the preferred 
option. These machines drive to each individual tree and they have been shown to be more 
efficient in completing the projects (Bolding et al. 2006). If the terrain is diverse, dissected by 
draws, wet areas, or has complex topography than a carrier machine with a boom mounted 
cutting head is the better option (Coulter et al. 2002). 

Figure 12. Pictures of complex terrain and uniform terrain 

Sidebar: Project size and access 

How large is the project in acres?  

Are there multiple treatment units or just one treatment unit?  

Will the equipment have road accessibility or will it be a long distance from a road? 

 Can the machine easily move from one unit to another or will it need to be transported? 

Project size, access, and protected areas 

Initial plans will need to identify the transportation costs, the ease by which the machine can be 
fueled, and if there will be sufficient access to the site if machine repairs are needed. When 
operating in difficult conditions or long days, these machines can experience wear and tear. 
Teeth or knives may break and will need to be replaced, and other intermittent repairs may be 
needed that work best when close to road access. In addition, the size of the project and adjacent 
areas that may need to be protected can also influence the type and size of machine. Schafer 
(2013) noted that skid steers and compact track excavators typically have the advantage in tight 
places. For example, if the project surrounds houses, then smaller machines will be more adapted 
to working in those areas (figure 13).  

Figure 13. picture of masticating around houses from Warm Lake 

Sidebar: Soils 

Is soil displacement or compaction a concern? 

Is the ground a consistent texture or extremely rocky? 

Is the soil frozen or covered with snow?  

Are the soils consistently  wet or dry? 

Is creating ruts or drive areas a concern? 
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Soils 

There are three alternatives that can be used alone or in combination when trying to minimize 
soil disturbance: these include 1) the time of year the treatment is implemented, 2) the machine 
that is used to masticate the material, and 3) the number of passes over a given area. Time of 
year a site is treated, such as on snow, or frozen ground or when the soil is dry can diminish 
compaction (Coulter et al. 2002; Rummer 2010). Also, driving on slash mats can also decrease 
compaction (Moghaddas and Stephens 2008; Harrod et al. 2009). Tracked machines tend to have 
lower ground pressure and are more maneuverable on slopes and tend to minimize site 
disturbance better than wheeled machines (Windell and Bradshaw 2000). Rubber tracks tend to 
offer the lowest pressure and are the best choice on sensitive soil conditions. However, if the 
ground is rocky then steel tracks are preferred (Schafer 2013). Wheeled carriers tend to be more 
efficient and mobile but they can create ruts and other damage depending on when the treatment 
is conducted. Equipment with boom-mounted implements enables the operator to reach over 
difficult areas or maneuver around tighter spaces that a machine cannot do.  Although the 
operator has to stop cutting to maneuver the machine, the impact to the site is reduced and there 
is less forest floor disturbance than a machine-mounted masticator that requires the operator to 
drive to every tree. 

Sidebar: Tree/shrub size, type, and density 

What type of vegetation is to be treated? 

What are the size of the boles? 

What Is The Density Of Vegetation To Be Treated? 

Tree and Shrub Size, Type, and Density of Biomass That is Masticated 

Tree size will determine the horsepower needed for the job, the cutting head size, and the best 
cutting head to use (figure 6). As the stem density increases, it may require a dedicated 
mastication machine, which is more efficient than a machine with a cutting head attachment 
(Schafer 2013). For example, if the objective is to take everything or target trees for mastication 
are large in diameter, a dedicated mastication machine may be better suited than a carrier 
machine that has a separate attachment for the cutting head. Cutting heads that are on horizontal 
shafts in general have the ability to masticate larger diameter material than vertical shaft cutting 
heads. For example, to masticate a tree that is 20” in diameter will require about a 200 horse 
power engine and a 5800 lb. cutting head. In contrast, if trees are 10 inches in diameter then a 
machine that has a 200 horsepower engine and a cutting head that weighs about 3000 lbs. is a 
better match. If the goal is to enhance the decomposition, then the species that is masticated can 
influence the time it takes to decompose.  For example, Douglas-fir decomposes at a much faster 
rate than western red cedar (Brown et al. 1998; Stone 1998).  

Sidebar: What is the operator’s skill level at running equipment? 

Post-Treatment Conditions 
Sidebar: Residual forest structure 

Are the trees widely spaced or tightly spaced?  
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Are the trees large or small? 

Residual Forest Structure 

Short- and long-term post-treatment conditions and vegetation development are another series of 
considerations that can guide decisions associated with mastication that are not directly 
associated with the physical setting. A short-term (1-year) consideration involves recognizing 
how the residual stand density and spatial distribution will effect machine selection. The amount 
and distribution of fine fuels is another important attribute that can also guide how a treatment is 
implemented because mastication does not remove biomass but reconfigures it. Thus, 
mastication tends to increase 1-hour, 10-hour, and 100-hour fuels. Long-term the introduction of 
invasive plant species and native vegetation response, potential effects to wildlife habitat, and 
treatment longevity may influence treatment options.  

The desired conditions, such as residual stand density and its spatial distribution, can influence 
the type of carrier, mounting technique, and cutting head. Widely spaced trees (22 x 22 foot 
spacing) makes it easier to maneuver the machine and takes less time and favors a drive-to-tree 
mastication method (preferably on slope angles < 35%) because it tends to be a more 
economically efficient combination (Bolding et al. 2006). However, if trees are at a tighter 
spacing, cutting heads that are boom mounted have greater flexibility because they allow the 
operator to move the cutting head into places that might have narrow tree spacing. The carrier 
machine does not need to drive to each tree. In addition, a machine such as a skid steer may be 
preferable to an excavator in tight places (Schafer 2013).  If the objective is to masticate small 
trees (< 2” dbh) such as in precommercial thinning, skid steers with vertical shaft masticator with 
blades (similar to large blade mowers) can maneuver and allow for tighter spacing between trees. 

Figure 14. picture of different spacings among trees and post-mastication around houses in 
warmlake  

Sidebar: Desired outcomes: Piece size 

What is the preferred piece size to create in the mulching process? 

Is time to decompose important? 

Masticated Piece Size 

Piece size influences the distribution of fine fuels defined as 1 hour (0 to 0.25 in), 10-hour (0.25 
to 1 inch), and 100-hour (1 to 3 in) and the time it may take to decompose (see section piece size 
and fuels). Piece size is influenced by 1) cutting head, 2) how much the operator spends time 
masticating a particular piece, and 3) the material that is being masticated. The vertical shaft 
cutting head creates larger piece sizes by shredding the biomass than the horizontal cutting head 
that creates smaller pieces (table 2, figure 4).  For example, the vertical shaft created pieces with 
higher surface areas particularly in the 10-hour and 100-hour fuel classes compared to the 
surface area of pieces created from a chipper, or horizontal shaft. An operator also can influence 
the piece size that the machine creates, slow methodical passes or multiple passes across an area 
typically create smaller pieces because the operator is spending more time masticating each 
piece. In contrast, when an operator moves quickly through an area; piece sizes tend to be larger. 
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The third component that can influence post-treatment fine fuel distribution is the target size of 
biomass that is masticated. In our literature synthesis, Battaglia et al. (2010) and Kane et al. 
(2009) and our field study showed the amount of 1-hour and 10-hour fuels varied across sites. 
This variation often is a result of the material that is masticated. For example, if the target 
biomass is all less than 3 in diameter, such as some shrubs or saplings then the reconfiguration of 
the biomass will tend to add more 1-hour and 10-hour fuels. However, if the target biomass that 
is treated is larger such as 5 inches or 7 inches diameter such as pole-sized trees then 100-hour 
fuels may increase and only branches that are less than 3 inches contribute to adding 1-hour and 
10-hour fuels. 

The productivity of the site may have contributed to fine fuel abundance. Sites that were more 
productive such as those that occurred in the moist mixed conifer (DC1, PRCC1) tended to have 
more 100-hour fuels than sites that were less productive (Amber, BHMix, BHMow). Similar 
trends also occurred on sites measured by Battaglia et al. (2010) where they showed the dry 
mixed conifer had the highest fine fuel loads after mastication and pinyon-juniper had the lowest 
fuel loads after mastication. Kane et al. (2009) may have also had similar cause for increased 
fuels on some sites, but they did not mention differences in productivity as related to the total 
amount of fine fuels.   

Operator Considerations 

The skill of the machine operator is a very important factor to consider in mastication 
implementation. A person who has had many hours on masticator equipment can move through 
the project efficiently and optimize the machines assets. In our review of the literature, there 
were several anecdotal references that cited that operator experience can highly influence 
mastication outcomes and the efficiency of operating the machine (Coulter et al. 2002; 
Kryanowski 2007, Wendell and Bradshaw 2000). A machine with a mastication cutting head is a 
very powerful machine that is performing a violent activity of shattering, grinding, or shredding 
wood and moreover, because of the violent nature of the work, a machine can be badly damaged 
in a few weeks by an inexperienced operator (Kryanowski 2007). ). Similarly, damage to the 
residual stand may result from 1) the machine body (counterweight), tracks, boom, or 
mastication attachment bumping residual stems, and 2) flying projectiles (masticated materials) 
hitting residual stems and removing bark. A boom-mounted machine requires the operator to 
reposition the carrier machine and to maneuver the cutting head to the target tree requiring the 
operator to maneuver the machine to the best location and then move the head to the target tree 
(Wendell and Bradshaw 2000). Also, boom-mounted machines have less operator visibility and 
thus may require a more skilled operator. Some operators prefer to work in a downslope 
direction when visibility is impaired in dense stands because of improved visibility seeing the 
tops of stems. An inexperienced operator may need a spotter to help guide him which adds 
another crew member and the spotter may be vulnerable from objects coming from the machine 
(Bolding et al. 2006). The more experienced the operator regardless of the machine the more cost 
efficient the project will be and the overall site impact from tree damage to soil impacts may be 
less (Vitorelo et al. 2009).  
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Sidebar: Safety considerations 

What is the most productive way to safely conduct the project? 

Do safety concerns stem from machinery, landscape conditions, or operator skill level? 

Safety 

Coulter et al. (2001) noted that adjacency to homes can be a factor on whether a masticator is the 
best machine for the project. These machines produce flying material either in the form of chips 
or sharp projectiles that may travel a few hundred feet or more due to rapid RPMs of the 
mastication head; thus if homes are nearby, the windows, siding, or vehicles may be damaged by 
flying material.  The energy transferred into material in contact with a high-speed rotating disc 
can cause material to break apart into small pieces and be thrown at high velocities (Rummer and 
Klepac 2011). Masticators produce two types of hazardous objects 1) sawteeth or cutters and 2) 
foreign objects displaced by the cutting tool. There are OSHA and ISO standards for failed 
sawteeth to provide adequate protective cab glazing material. However, bystanders are still 
vulnerable to hazardous objects originating from these machines.   Even with specific standards, 
not all equipment is fool proof and safety is a continuous process of hazard recognition, 
engineering analysis and adoption of improved countermeasures and practices. Foresters and 
contract supervisors overseeing mastication activities are particularly vulnerable to accidents and 
injury when monitoring mastication treatments because they are 1) not in enclosed cabs, and 2) 
often need to close enough to the equipment to observe operator practices in order to ensure 
contract compliance and treatment success.  

 

DECISION TREES AND IMPLEMENTATION TIPS 

We have provided an abundance of information to help managers with decisions when 
determining the best option for treating fuels, conducting thinning, or implementing site 
preparation. The complexity of integrating multiple factors can be overwhelming and 
partitioning these factors into a set of decision trees can help identify the right equipment to 
address the requirements and limitations needed on any given management project. Jain et al. 
(2012) and Hood (2010) used decision trees and systematic flowcharts to aid readers in aligning 
the elements that guide treatment decisions. We used a similar approach and created three 
decision trees that cover decisions to be made at several different points in this process (figures 
13, 14, and 15). Variables at the top of a decision tree have a greater influence on equipment 
selection than those listed lower in the decision tree. The primary objective of the decision trees 
is to determine if 1) mastication is an option and 2) what site characteristics might guide a person 
to determine the best machine combination to use. The intention is not to determine when other 
treatments such as prescribed fire or grapple piling, or chipping are more appropriate; but we do 
place the decision to masticate within the context of other possible treatment options. 
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Decision Tree 1 

Slope percent is an important attribute that determines if mastication or other mechanical 
treatments are an option. If slopes are greater than 40% slope, then, unless there is mechanical 
equipment designed for working on steep slopes, prescribed fire or no treatment may be the best 
option. However, if the slope is < 40% then prescribed fire and mechanical treatments are all 
options available for a project. Moreover, not treating and area is always a possibility if amount 
of biomass does not create a fire hazard in the form of ladder or surface fuels; or in the case that 
site preparation does not hinder regeneration.  

Figure 15.decision tree 1 

Decision Tree 2 

The most important element in this decision tree is whether the material is unmerchantable and 
whether it is created through a commercial harvest or is standing biomass. If the biomass was 
created by a commercial harvest, than it is most likely branches and tops, which can be easily 
treated both mechanically and with prescribed fire. However, the application of prescribed fire 
may be limited by the residual live biomass. If the live biomass is fire resistant or the use of 
prescribed fire would meet an objective, such as creating a blackened surface for regeneration or 
promote species that sprout or establish after fire, then prescribed fire may be the best option.  
This is particularly true if smoke production is not an issue in the area. If smoke is an issue or 
residual live biomass is not resistant to fire, then some type of mechanical treatment such as 
mastication or grapple piling may be among the best options.   

If the biomass is not created by a commercial harvest then the abundance of biomass that needs 
treatment is important. If the standing biomass is made up of large shrubs that cover large areas 
or there are 1000’s of small unmerchantable trees than mastication may be the most economic 
and best option to use. In contrast, if the target biomass for treatment is sufficiently low enough 
than hand slashing may be a better option followed by either prescribed fire or grapple piling. 
This would remove the biomass and create a blackened surface or create a diversity of soil 
substrates that may address site preparation objectives. Chipping is also a possibility; however, it 
tends to create very small pieces and deep fuel beds (Battaglia et al. 2010). It is an option if it is 
producing an alternative forest product. 

Another important consideration when choosing among mastication, prescribed burning, or other 
treatments, is the timing of the treatment window and any possible adverse effects associated 
with insects or disease. For example, treatments that leave green slash on the ground during the 
spring in ponderosa pine stands may cause Ips beetle (Ips pini) to undergo rapid population 
growth which causes subsequent residual stand damage. If fuel treatments can only occur in late 
fall or winter for logistical reasons, then mastication may be preferable to thinning with lopping 
and scattering because the materials are less likely to result in pine engraver issues.   

 

Figure 16 decision tree 2 
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Decision Tree 3 

If the decision is to pursue a mastication treatment then decision tree 3 provides the elements that 
will help match the masticator to the site and project objectives. We adapted a decision tree from 
Jain et al. (2012) that provides the flow of elements that guide the type of masticator to use. A 
critical element that may guide the type of carrier machine to use is whether or not the soil is 
prone to erosion or compaction. If yes, then a tracked machine is the better option. If the terrain 
is complex and broken then a boom-mounted cutting head is preferred. As mentioned earlier the 
size of the unit and the addition of sensitive areas can determine what size of masticator may do 
the job most efficiently. If there are homes directly nearby and the stand diameter and height are 
small enough to permit it, then a small masticator may be preferred over a larger machine. 
However, mastication of large trees will always require larger machines. If the site is 
inaccessible and residual stand spacing is sufficiently wide to allow a large machine to pass 
through, then a dedicated masticator that is larger is likely to the best option. Finally, considering 
the size of material that is created can help inform the type of cutting head chosen.  If the goal is 
to create larger pieces, then a vertical shaft may be better than a horizontal drum. If size is not of 
concern then a horizontal drum attached to the machine may be the most efficient even if it tends 
to create more 1-hour and 10-hour fuels. It’s important to note that either machine is capable of 
creating larger or smaller pieces depending on the skill level of the operator and these 
recommendations are general.   

 

Figure 17 decision tree 3 

Implementation Tips 
Sidebar: Ecological                                                                                                  considerations 

Are there species of concern in the project area? 

Will decomposition of small particles provide necessary nutrients to plants? 

Is the potential for invasive species after disturbance a serious consideration? 

What are the potential environmental impacts? 

 

The decision trees provide tips that will help guide you to determine which treatment options 
may be preferable for the physical setting and the projects complexity. Once this is determined, 
there are additional factors that will provide some elements to consider when implementing 
mastication. These include the skill of the operator, whether or not nonnative plants are an issue, 
and whether soils are sensitive to compaction.  

Operator skill 
The more complex the project, the operator skill set will need to be well established. Factors 
requiring highly skilled operators include broken slopes, a high density of residual trees (> 100 
trees acre-1), whether or not the project requires masticating biomass around houses or work on 
steep slopes (>40%). Likewise, if piece size goals involve creating finer or coarser residual fuels, 
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a more experience operator will tend to be better both at creating those fuel sizes and at adjusting 
the time spent masticating in order to limit the number of passes over a particular area. To reduce 
costs, skilled operators tend to be more efficient at moving the machine and cutting head. 

Vegetation 
Our synthesis identified that there was a range of vegetation response after mastication. 
Masticated sites either increased or decreased nonnative species and the treatment also increased 
or decreased plant diversity. These incongruent results are not unusual (Hughes et al. 2007, 
Radosevich et al. 2007). There are several factors that may favor the invasion and establishment 
of nonnative species. The environment, nonnative species traits, opening space that is created, 
release of resources, and the number of times a site is treated all influence potential for the 
invasion from nonnative species (Radosevich et al. 2007).  Disturbance provides open space and 
creates an environment that is conducive to regeneration of plant species. Thus mastication, 
prescribed fire, or other mechanical treatments that influence the growing space all can 
contribution to plant regeneration and establishment and that is why we often use these 
treatments to prepare a site for regeneration in forested ecosystems. If invasion of nonnative 
species is of concern, then evaluating the site for the potential for invasion is an important first 
step. Some ecosystems are more vulnerable to invasion, such as grasslands (Radosevich et al. 
2007). Identify the potential nonnative species that surround the treatment area; and identify the 
environment that favors regeneration for the specific species of concern, such as the type of soil 
substrate (mineral, organic, blackened). Some species (Ceanothus spp) regenerate on burned 
surfaces easier than soils with a deep organic surface layer. Washing equipment before entering a 
site may also diminish the chance of introducing outside seed from nonnative species. 

Soils 
All the studies we investigated did not identify any negative effects to erosion or compaction if 
the operator drove the carrier machine over masticated residue (Cline et al. 2010; Hachett et al. 
2006; Harrison et al. 2016, Appendix A). Soil nutrition was also not adversely affected by 
mastication (Moghaddas and Stephens 2007; Rhoades et al. 2012). However, soil temperature 
and water did vary among the ecosystems where mastication occurred. On dry sites such as 
ponderosa pine and juniper-pinyon sites, mastication did prevent rain water from infiltrating into 
the soil, decreasing soil moisture. However, temperature extremes diminished; thus, the 
masticated material was insulating the soil and creating more consistent temperatures.  This 
could also be true for soil moisture. Soil moisture, particularly on dry sites, may be an issue if 
mastication is considered as a viable treatment; but on wetter sites, it may actually increase soil 
moisture. Rhoades et al. (2012) did note that soil moisture was higher on masticated sites on 
Lodgepole and dry mixed conifer when compared to the controls. Microbial activity did not 
appear to be affected by mastication.  Similar to evaluating for potential nonnative species, a site 
evaluation concerning the potential for decreases in soil moisture such as juniper/pinyon or dry 
ponderosa pine sites; may be of concern and should be included in any decisions that may lead to 
using mastication as a treatment option. 
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Wildlife 
The species of concern and their habitat needs will determine if mastication will affect wildlife. 
Mastication, prescribed fire, grapple pile, or chipping all change habitat; thus these treatments 
tend to favor particular species and disfavor other species. An option to consider when deciding 
treatment options is to diversify the different types of treatments in a given area, thus 
diversifying the habitat (Apigian et al. 2006).  For example, on the Priest River Experimental 
Forest sites, we used mastication, prescribed fire, grapple piling, and no treatment and often 
mixed the different site preparation within a harvested site. This strategy addressed multiple 
objectives, it diversified the surface fuel, created different soil substrates to favor a diversity of 
species that were spatially diverse, and produced a variety of habitat attributes (Jain et al. 2008).  

Fuels 
Creation of fine fuels is always a concern with mastication, because the biomass is not removed 
but reconfigured into smaller pieces.  There is always an increase in the amounts of 1-hour, 10-
hour, and 100-hour fuels over the pre-treatment stand condition. In addition, it creates a variety 
of fuel bed depths. In general, masticated fuels burn with prolonged flaming and smoldering 
combustion when compared to other fine surface fuels (Kreye et al. 2014; Heinsch et al., in 
preparation]). Ideally, the larger the piece the better.  Increasing the amount of 100-hour fuels is 
far better than increasing the amount of 1-hour fuels. Also not all the biomass needs to be 
shredded or mulched into small pieces, rather a portion of the biomass can be placed on the 
ground as longer logs. Additional logs provide wildlife habitat and do not contribute to 
increasing the fine fuels.  The operator has the ability to adjust the pieces size by using a vertical 
shaft that tends to create larger pieces or by minimizing the amount of time on each piece; 
leading to leaving larger pieces. There is limited flexibility in chipping, chippers tend to increase 
1-hour fuels and create small chips that may enhance smoldering. Our study showed that needles 
or other very fine litter is needed to ignite the fuels; thus, this is more of a concern in forest types 
such as ponderosa pine that have considerable needle drop that may contribute to fuel bed 
ignition (Hensch et al. [in press]. It is unknown specifically what the spotting potential if 
masticated materials are when ignited. Therefore, managers might consider installing a buffer 
between masticated fuels and the treatment unit boundary. This buffer would be free of 
masticated fuels and for a fire break (Bass et al. 2012). In addition, the buffer could provide a 
place to install a fireline if the fuels were ignited.  

Sidebar 

How much does mastication cost and can I adjust costs based on my decisions? 

What are the tradeoffs between the costs of slower treatments that produce finer fuels 
versus faster treatments that create chunks? 

What are the long-term economic benefits of mastication treatments versus more 
traditional silvicultural stand thinning options? 

Costs 
For foresters used to balancing the costs of timber harvesting operations with anticipated 
revenues using classical forest economics, the magnitude of costs associated with mastication 
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treatments can be off-putting. Simply put, mastication treatments tend to be a fairly expensive 
option for reducing fuels. There are two primary reasons for this: first, by comminuting stem 
wood, mastication by nature does not result in merchantable forest products (sawlogs, tonwood, 
etc.) that generate immediate forest products revenue as other traditional stand treatments do 
(e.g. commercial thinning). Second, the nature of stands that tend to benefit most from 
mastication treatments is that they are overly dense to begin with. Mastication is an most 
commonly an individual tree treatment, at least for the excavator-style tracked carriers; one stem 
is treated at a time, and each additional stem per acre that is removed translates into additional 
dollars spent on conversion of vertically distributed fuels into a more compact, surface layer. 
That seems like a bad combination from an economic standpoint: lack of revenue, and larger 
costs. However, the good news is that there are often considerable economic benefits from 
mastication; we just have to look carefully at where and when they show up: typically, the 
benefit comes as a reduction in costs at some future time.   

When we think of some conventional silvicultural treatments in forestry, we can draw up familar 
costs at a per-acre basis. Pre-commercial thinning of small diameter stands by hand crews 
typically costs in the $125-250 per acre range for stands that are 3-4 inches DBH and have, e.g., 
600-800 stems per acre. As mean stand diameter becomes larger in slightly older stands, 
commercial thinning becomes a less expensive option at, e.g. $85 per acre or less. In the best 
case scenario, CT may even be revenue-positive when revenue from merchantable sawlog 
removals offset treatment costs (Keefe et al. 2014). Despite these reduced costs, however, from a 
fuel management perspective, both pre-commercial thinning and commercial thinning tend to 
generate bulky fine fuels that persist for 2-3 years after treatment and require additional costs for 
either in-woods chipping or hand pilling and burning. Without these, they may increase fire 
hazard in the short term when ignition sources are present. Mastication, on the other hand, has 
the great benefit of compacting fuels in small or large pieces that are close to the forest floor. In 
addition to changing expected fire behavior after treatment, this dense layer of masticated fuels 
also acts as mulch that reduces incoming light, cools the soil, and suppresses subsequent shrub 
growth. Thus, when thinking about the economics of mastication, as with other fuel treatments, 
we need to also consider what reduced future costs may result from this current investment and 
the changed stand structure.  

Mastication costs range from $300-400 per acre at the low end up to $1500 or more at the high 
end. In our study on the UI Experimental Forest, costs were $3.88 and $4.45 per individual tree 
masticated when creating chunky and fine chips, respectively (Lyon et al., in prep). At 200 trees 
per acre masticated, that corresponds to $776 per acre for the chunky treatment, or 2.5-3 times 
the cost of a hand-thinning crew cutting in a similar stand with a lop and scatter treatment if 
limbs and tops were left to degrade. However, if chipping or hand piling and burning followed 
the hand thinning, then costs could start to become more comparable. One of the key differences 
is that investment in pre-commercial thinning tends to be deployed in the densest pre-treatment 
conditions, where there is also favorable growth response from a timber perspective, on north 
and east facing sites and moister habitat types. Conversely, when fuel treatments can be focused 
strategically on drier habitat types and drier aspects within mixed conifer forest, lower pre-



24 
 

treatment density will also be associated with lower per-acre costs. Simply put, less trees need to 
be masticated on drier, less productive sites.   

Bagdon et al (2016) describe several examples of long-term economic benefits through reduced 
future costs resulting from fuel treatments. These include both market and non-market benefits. 
Market benefits from fuel reduction treatments include harvested sawlogs (Selig et al. 2010; 
Bagdon et al. 2016), positive impacts to local economy (Hjerpe and Kim 2008, Bagdon et al., 
2016). Fuel treatment implementation also creates jobs locally for administrators, foresters, 
equipment operators and hand crews. The 4FRI restoration project was estimated to require 491 
full time equivalent (FTE) positions in the public and private sector (Combrink et al. 2012; 
Bagdon et al 2016). Chief among long term benefits is the reduction in future suppression costs 
associated with fuel treatments. There are few analyses quantifying wildlfire cost reduction, but 
Buckley et al (2014) and Bagdon et al (2016) described net benefits (after cost) of $158 to $422 
per acre. The willingness of the public to invest in fuel treatments is quite high but declines as 
the number of households that benefit from treatment in the WUI decreases (Loomis et al. 2009; 
Bagdon et al. 2016).     

CONCLUSION AND MANAGEMENT IMPLICATIONS 
Mastication is only one of many treatment options available to managers.  For this reason, a 
thorough evaluation to determine which option is best suited for the project objectives and site is 
always an important consideration. As with any type of treatment, an informed decision that 
evaluates the benefits and trade-offs is always an important first step. Mastication is unique but 
fortunately there is an abundance of literature to inform decisions. That said, we still lack 
literature to inform several aspects of mastication. Masticator machines and implementation 
strategies are still evolving and this report is the first to provide a critical evaluation on what we 
know and how to apply this information in decisions.  Ecologically, the greatest amount of 
literature is in plant ecology, but we have not evaluated the effects of treatment on all ecosystems 
and our knowledge on wildlife effects is relatively weak, thus more research is needed 
concerning wildlife habitat. If mastication is selected, then how the treatment is implemented 
becomes paramount. A thorough site evaluation is critical and should include consideration of 
factors such as nonnative species invasion, the vulnerability of soils to erode, treatment cost, and 
the potential for the soil to become compacted.  A proper evaluation will identify the carrier 
machine, cutting head, and mounting that are best suited to complete the project the most 
efficiently.  
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Table 1. Mastication studies conducted throughout the United States, Canada, and Spain between 2005 and 2016.  
VS= Vertical shaft; HS = Horizontal shaft; United States study sites are the state abbreviations. Loblolly pine (Pinus 
taeda L.), slash pine (Pinus elliottii Engelm.), Ponderosa pine PP, (Pinus ponderosa Dougl. ex Laws), P-J, Pinyon 
(Pinus edulis Engelm.), Juniper (Juniperous sp.), white fir (Abies concolor (Gord. & Glend) Lindl. Ex Hildebr.), 
Lodgepole pine (Pinus contorta, Dougl. ex Loud.), and Oak (Quarcus sp). 

Vegetation type 
Material masticated 

Machine 
Literature 

Source Life form Size (cm)  
Study  Location: California 

Mixed conifer Trees, shrubs Unknown Machine mounted  HS Bradley et al. 2006 
Chaparral Shubs Unknown Various Brennan & Keeley 2015 

Mixed conifer Trees, shrubs Unknown Not specified Burnett et al. 2014 
Mixed conifer Trees Unknown Excavator w/ HS fixed teeth Hatchett et al. 2006 
Mixed conifer Slash Unknown Chipper Johnson et al. 2014 
Mixed conifer Plantations < 23 Not specified Kobaziar et al. 2009 

Ponderosa pine Conifers, hardwood < 3 Excavator boom mounted VS Reiner et al. 2009 
Mixed conifer Tree,  hardwoods 2 to 25   Excavator mounted HS Stephens & Moghaddas 2005 

Shrub Slash Unknown Excavator mounted HS Vitorelo 2011 
Study Location: California and Colorado 

Pinyon-Juniper 
Ponderosa pine Not described Unknown VS knife Hood & Wu 2006 

Study Location: California and Oregon 
Mixed 

hardwood Hardwood, shrub Unknown 
Excavator w/ VS, w/ HS, 
machine w/ VS knife Kane et al. 2009 

Study Location: Colorado 
P-J, PP, LP Not described Unknown HS hammers, VS knife Battaglia et al. 2010 

Pinyon-Juniper Trees, Shrubs Variable 
Machine mounted w/ 

swinging knives Gottfried and Overby 2011 

Pinyon-Juniper Trees 
<25; all 

pinyons left Not specified Owen et al. 2009 
Ponderosa pine Trees <= 15 Chipper Wolk & Rocca 2009 

Study Location: Florida 
Longleaf 

Slash pine 
Shrub, saw 

palmetto, tree <20 Excavator w/ HS Kreye 2012 
Study Location: Georgia 

Loblolly pine 
hardwoods Trees 

All HW; 
pines <  20  Mulcher Brockway et al. 2009 

Study Location: Nevada 
Ponderosa pine  

white fir Slash, sapling ≤15 Not specified Carvajal-Acosta et al. 2015 
Study Location: South Carolina 

Loblolly pine Hardwood, shrub Down fuels Chipper Glitzenstein et al. 2006 
Loblolly pine Beetle killed tree Unknown Excavator w/ HS  Stottlemyer et al. 2015 

Study Location: Texas 
Oak, Juniper All vegetation  <15 HS hammer Reemts & Cimprich 2014 

Study Location: Utah 
Pinyon-Juniper Tree >200 HS McIver et al. 2010 
Pinyon-Juniper Trees Unknown Machine w/ HS (brush cutter) Moss et al. 2012 
Pinyon-Juniper Unknown Unknown HS fixed teeth Roundy et al. 2014 

Study Location: Alberta, Canada 
Lodgepole 

spruce 
Understory tree, 

shrub Unknown HS fixed teeth Schiks et al. 
Study Location: Santander, Spain 

Gorse shrubland All vegetation Unknown Excavator w/  HS fixed teeth Fernandez & Vega 2016 
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Table 2. Field locations examined in this study.  EF = Experimental forest; NF = National 
Forest; NP = National Park.  Tree abbreviations include PP = ponderosa pine, Pinus ponderosa, 
DF = Douglas-fir, Pseudotsuga menziesii, WH = western hemlock, Tsuga heterophylla; WRC = 
western Redcedar, Thuja plicata, WP = western white pine, Pinus monticola, and WL = western 
larch, Larix occidentalis.    

Location 
Site 

Name 
Primary tree 

species 
Treatment 

Date Mastication type 
Dry mixed conifer 

Boise Basin EF, ID Amber PP, 2004 Vertical shaft/teeth 

Boise Basin EF, ID 
Amber 

New PP, DF 2010 Horizontal shaft/teeth 
Black Hills EF, SD BHMix PP 2012 Vertical shaft/knives 
Black Hills EF, SD BHMow PP 2012 Vertical shaft/knives 

Manitou EF, CO MEFChip PP, DF 2004 Chipped 
Manitou EF, CO MEFWS PP, DF 2005 Horizontal shaft/teeth 
San Juan NF, CO Skelton PP, DF 2010-2011 Horizontal shaft/teeth 
Santa Fe NF, NM LG PP 2006 Horizontal shaft/teeth 

Santa Fe NF, NM PAL PP 2011-2012 Horizontal shaft/teeth 
Valles Caldera NP, 
NM VC1 PP 2007-2008 Horizontal head/teeth 
Valles Caldera NP, 
NM VC2 PP 2012 Horizontal head/teeth 

Moist mixed conifer 
Deception Creek EF, 
ID DC1 

WH, WWP, 
WL 2004 Vertical shaft/teeth 

Priest River EF, ID PR3 
WRC, WH, 
WWP, WL 2011 Horizontal head/teeth 

Priest River EF, ID PRCC1 
WH, WRC, 
WWP, WL 2007 Vertical shaft/teeth 

University of Idaho 
EF, ID UI PP 2014 Horizontal head/teeth 
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Table 3. Size variations in carrier machines.  There are a total of 79 different carrier machines 
that have tracks and 30 carrier machines that have wheels.  In = inch; lb = pound; 
(http://www.forestrymulcherguide.com/research/compare/).  

Specification Minimum Median Mean Maximum N 
Carrier Vehicle with Tracks with Cutting Head 

Power 
(horsepower) 99 290 326 765 77 

Length (in) 166 242 251 410 55 
Height 96 113 114 135 56 
Width 59 98 95 132 73 

Ground 
clearance (in) 13 18 18 26 43 

Weight (lb) 13,500 26500 30597 62800 57 
Carrier Vehicle with Wheels and with cutting head 

Power 
(horsepower) 160 245 279 500 29 

Length (in) 247 294 292 358 9 
Height 112 120 121 130 7 
Width 80 106 105 126 30 

Ground 
clearance (in) 19 20 20 21 4 

Weight (lb) 16100 26600 26861 38000 11 
   

 

 

 

 

 

  

http://www.forestrymulcherguide.com/research/compare/
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Table 4. Characteristics of the vertical and horizontal-shaft brush-cutting heads (from McKenzie 
and Makel 1991, Vitorelo et al 2009, Coulter et al. 2002, Windell and Bradshaw 2000, Rummer 
2009, Forest and Rangelands 2015). 

 
Vertical-shaft Horizontal-shaft 

Head and cutting attachments 
Cutting devices are attached to a disk or 
robust mowers 

Cutting devices attached to a horizontal shaft 
or drum 

Fixed teeth or blade (mower type)  Fixed teeth, swinging hammers, or ax/knife 
blade 

Boom or front end mounted Boom or front end mounted 
Vegetation best suited to treat 

Slash and shrubs 
Trees 6 to 8 inch diameter when boom 
mounted  

Slash, shrubs when front end mounted 
Trees up to 30 inches diameter when boom 
mounted 

Piece size and post-treatment condition 
Creates large pieces (chunks or shredded) 
Leaves ragged stumps  

Creates small pieces 
Leaves clean cut stumps  

Career machines 
Excavator, skid steer, tractors (hydraulic 
and power take-off) 

Excavator, skid steer, tractors (hydraulic and 
power take-off) 

Micro-topography 
Broken or dissected topography with a 
diversity of slope angles and aspects Continuous and similar slope angle and aspect   
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Table 5. Size variations for masticator heads 
(http://www.forestrymulcherguide.com/research/compare/).  In/lb = inches per pound; gpm = 
gallons per minute; hp = horsepower. Summarized from Catalytic Response, LLC. 2017)   

Description 
Minimu

m Median Mean 
Maximu

m 

Number 
of 

models 
Masticator Heads for Excavators 

Overall Width (in) 33  62  64 102 147 
Working Width (in) 20  49 50 91 254 
Weight (lb) 320 2,080 2,198 6,803 238 
Min Hydraulic Flow 
(gpm) 4  30 30 74 201 
Max Hydraulic Flow 
(gpm) 5  40 45 210 153  

Masticator Heads for Skid Steers 
Overall Width (in) 45 73 73 102 108 
Working Width (in) 36 60 61 83 115 
Weight (lb) 660 2,382 2,171 3,400 108 
Min Hydraulic Flow 
(gpm) 12 26 26 40 101 
Max Hydraulic Flow 
(gpm) 18 37 38 65 92 

Masticator heads for tractors with hydraulic system 
Overall Width (in) 69 105 101 121 60 
Working Width (in) 58 89 85 101 65 
Weight (lb) 1,800 5,400 5,596 10,800 63 
Min Hydraulic Flow 
(gpm) 27 75 76 150 58 
Max Hydraulic Flow 
(gpm) 45 120 122 210 56 

Masticator  heads for tractors with power take-off system (PTO) 
Overall Width (in) 51 93 92 138 270 
Working Width (in) 39 79 77 118 296 
Weight (lb) 948 3,682 4,363 11,757 290 
Min PTO Power (hp) 55 105 141 295 32 
Max PTO Power (hp) 90 17 221 450 32  

http://www.forestrymulcherguide.com/research/compare/
http://www.forestrymulcherguide.com/attachments/excavator/picursa-p-rt-tx-mulcher-600/
http://www.forestrymulcherguide.com/attachments/excavator/serrat-cabezal-f5-t-2300-fixed/
http://www.forestrymulcherguide.com/attachments/excavator/fae-pml-hy-50/
http://www.forestrymulcherguide.com/attachments/excavator/serrat-cabezal-f5-t-2300-fixed/
http://www.forestrymulcherguide.com/attachments/excavator/torrent-mulchers-ex24d/
http://www.forestrymulcherguide.com/attachments/excavator/seppi-m-super-bms-200/
http://www.forestrymulcherguide.com/attachments/excavator/fae-pml-hy-50/
http://www.forestrymulcherguide.com/attachments/excavator/fae-umm-s-ex-175/
http://www.forestrymulcherguide.com/attachments/excavator/fae-pml-hy-70/
http://www.forestrymulcherguide.com/attachments/excavator/fecon-bh200-exc/
http://www.forestrymulcherguide.com/attachments/skid-steer/brown-bear-bc283/
http://www.forestrymulcherguide.com/attachments/skid-steer/loftness-83ax/
http://www.forestrymulcherguide.com/attachments/skid-steer/picursa-p-rt-bct-mulcher-1400/
http://www.forestrymulcherguide.com/attachments/skid-steer/brown-bear-bc285.5/
http://www.forestrymulcherguide.com/attachments/skid-steer/baumalight-ms560/
http://www.forestrymulcherguide.com/attachments/skid-steer/denis-cimaf-daf-180e/
http://www.forestrymulcherguide.com/attachments/skid-steer/berti-af-ssl-135/
http://www.forestrymulcherguide.com/attachments/skid-steer/fecon-bh85-sd/
http://www.forestrymulcherguide.com/attachments/tractor-hyd/fae-140-u-140-hy/
http://www.forestrymulcherguide.com/attachments/tractor-hyd/loftness-93xch300/
http://www.forestrymulcherguide.com/attachments/tractor-hyd/fae-140-u-140-hy/
http://www.forestrymulcherguide.com/attachments/tractor-hyd/ryans-mulcher/
http://www.forestrymulcherguide.com/attachments/tractor-hyd/seppi-m-forst-m/
http://www.forestrymulcherguide.com/attachments/tractor-hyd/fecon-bh85-h/
http://www.forestrymulcherguide.com/attachments/tractor-hyd/fae-500-u-250-type-b/
http://www.forestrymulcherguide.com/attachments/tractor-hyd/bradco-mm60h/
http://www.forestrymulcherguide.com/attachments/tractor-hyd/fecon-bh300-h/
http://www.forestrymulcherguide.com/attachments/tractor-pto/seppi-m-midiforst-100/
http://www.forestrymulcherguide.com/attachments/tractor-pto/seppi-m-maxiforst-300/
http://www.forestrymulcherguide.com/attachments/tractor-pto/seppi-m-midiforst-100/
http://www.forestrymulcherguide.com/attachments/tractor-pto/seppi-m-maxiforst-300/
http://www.forestrymulcherguide.com/attachments/tractor-pto/vandaele-frm-110-pto/
http://www.forestrymulcherguide.com/attachments/tractor-pto/serrat-fx8-t-2200/
http://www.forestrymulcherguide.com/attachments/tractor-pto/seppi-m-miniforst-125/
http://www.forestrymulcherguide.com/attachments/tractor-pto/seppi-m-maxiforst-250/
http://www.forestrymulcherguide.com/attachments/tractor-pto/seppi-m-miniforst-125/
http://www.forestrymulcherguide.com/attachments/tractor-pto/fecon-bh350/
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Table 6.  Time-lag fuel loads (mg ha-1) separated by size class and depths of masticated sites 
from studies in the United States. For each study the letter indicate significant differences among 
sites within a specific study. 

Vegetation type 1-hr  10-hr 100-hr Total Summary of statistically significant result 
Kane et al. 2008 

Mixed hardwood  5.7b 
(0.9) 

16.8abc 
(2.9) 

9.2abc 
(2.2) 31.7 

Average fuel loading across 10 sites; 1-hr and 10-hr fuels were 
significantly different among sites, 100-hr fuels were not 
significantly different among sites. 

(NEED letters added to the 100-hour fuels 

1.0de 
(0.2) 

14.3bc 
(14.3) 

12.9 
(1.3) 28.2 

2.2cde 
(0.5) 

6.1d 
(1.1) 

4.8 
(1.3) 13.1 

4.3bc 
(0.5) 

30.1a 
(3.9) 

7.2 
(1.7) 41.6 

2.0de 
(0.3) 

8.1cd 
(1.5) 

3.1 
(1.2) 13.2 

1.0de 
(0.2) 

8.1cd 
(2.2) 

7.2 
(1.6) 16.2 

9.8a 
(1.1) 

21.2ab 
(3.4) 

8.9 
(1.7) 39.9 

4.4bcd 
(0.5) 

15.8bc 
(2.0) 

8.3 
(2.0) 28.5 

1.6de 
(0.2) 

10.0cd 
(1.4) 

1.7 
(0.4) 13.3 

2.7cde 
(0.8) 

10.0bcd 
(1.4) 

7.6 
(1.4) 23.3 

Battaglia et al. 2010 
Pinyon-Juniper 7.8  

(2.2) 
12.0 
(2.5) 

4.15 
(0.6) 23.9 

Masticated fuels were significantly greater than the untreated.  

Ponderosa pine 
8.0  

(1.9) 
18.0 
(3.3) 

7.4 
(1.0) 

33.4 1 hr and 10 hr fuels were significantly greater than the 
untreated. There was no significant difference in 100 hr fuels. 

Lodgepole pine 
16.9 
(5.9) 

19.3 
(2.6) 

5.2 
(0.9) 

41.4 

Dry mixed conifer  
23.0 
(8.8) 

24.5 
(5.7) 

10.8 
(4.1) 

58.3 

Field Study 

Ponderosa pine 
3.1a 
(0.9) 

10.1a 
(1.8) 

7.9a 
(2.2) 21.1 

1 hr and 10hr fuels were not significantly different among the 
forest cover types 
100 hr fuels were significantly different among the forest 
types. 

Dry mixed conifer 
2.7a 
(0.9) 

9.1a 
(1.6) 

7.6a 
(1.4) 19.4 

Moist mixed conifer 
5.2a 
(1.0) 

12.8a( 
10.6) 

19.2b 
(5.2) 27.2 
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Figures 

 

Figure 1. Field study locations were throughout the Rocky Mountains. The sites were located on dry and 
moist or wet mixed conifer forests and in juniper pinyon (refer to table 2 for specific locations and site 
names).  

Figures 2 through 7 will be photographs: looking for photographs 

Figure 2: pictures of different types of carrier machines: excavators, skid steers,  and tractors. 

Figure 3: are photos of rubber tired skidder, steel tracks, and rubber tracks. 

Figure 4. Different types of cutting heads (horizontal shaft and vertical shaft) 

Figure 5. Different ways to mount the cutting heads.  
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Cutting Head Weight (lb) 

 

Engine Power (Horsepower) 

Figure 6. Relation of cutting head weight (a) and horsepower (b) to tree size.  If the target tree size to be 
masticated the need for a larger and more powerful cutting head is needed. Which will also need a 
complimentary machine to produce the power needed to masticate large trees. Data was from 
individual manufactorers summarized by forestry mastication guide. 

Figures 7. picture of different soils, rutting, compaction, displacement  
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Figure 8. The 1-hour fuels mean differences among studies and sites. The forest plot shows the mean 
(squares), 95th Confidence Interval. Numbers on the left are the values for the mean and Confidence 
Intervals. Battaglia et al (2010) had significantly more 1-hour fuels than Kane et al. and our field study. 

I-hour Fuels 

-1 ( mg ha ) 
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Figure 9. The 10-hour fuels (mg ha-1) mean differences among studies and sites. The forest plot shows 
the mean (squares), 95th Confidence Interval (lines). Numbers on the left are the values for the mean 
and Confidence Intervals. The 10-hour fuel amounts were much more variable among the studies and 
sites.  

-1 ( mg ha ) 

I0-hour Fuels 
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Figure 10. The 100 hour fuels (mg ha-1) mean differences among studies and sites. The forest plot shows 
the mean (squares), 95th Confidence Interval (lines). Numbers on the left are the values for the mean 
and Confidence Intervals. The 100-hour fuel amounts were mre similar across sites and the variation in 
amounts were more consistent across studies and sites. .  

Average  

Moist Mixed Conifer 

surface area  

-1 ( mg ha ) 

I00-hour Fuels 
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Average 

surface area  

 (cm2) Dry Mixed Conifer 

 

Figure 11.  In the dry mixed conifer forests, the vertical shaft (VS) with fixed teeth, in all timelag fuels 
were significantly larger than the other cuttin gheads and the chipping. Thie magnitue was particularly 
evident in the 100-h fuels. Within the moist mixed conifer, the only significant difference in surface area 
was identified in the 1-h fuels. Although not signifcant, the vertical shaft tended to create particles with 
a larger surface ara, but the varition was such that it was not statistically significant. 

Figure 12. picture of broken and uniform terrain. 
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Figure 13. Picture of masticator working around houses 

Figure 14. Pictures of different spacing among trees and picture of different piece sizes post 
mastication..  
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Decision Tree 1: 

Is mechanical treatment a good option? 

 

Figure 15 . Decision Tree 1. There are several choices that need consideration when determining if 
mastication is the best treatment option. The most important component is to determine if the slope 
angle is less than 40% which would favor the use of machinery. Slopes greater than 40% mechanical 
treatment is rarely an option, unless machines are tethered so as not to tip over.  

Decision Tree 2 

Treatment options for slopes < 40% 

What is the slope  
angle of your  

project? 

Ground slope < 40% Ground slope > 40% 

Treatment options: 
1)  Hand thin 

 Mechanical 2) 
3)  Prescribed fire 
4)  No treatment 

Go to decision tree  
2 

Treatment options: 
1)  Hand thin 

2)  Prescribed fire 
3)  Mechanical  

equipment designed  
for steep slopes 
 4) No treatment  
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Figure 16. Decision tree 2 provides suggested a series of elements to evaluate whether or not to 
mastication. Other treatment options include no treatment, chipping (not included), prescribed fire or 
grapple pile followed by burning. If mastication is the preferred option than go to decision tree 3 to 
determine what machine combination may be the best option.   

Decision tree 3 Mastication Combinations 
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figure 17. Decision tree 3 provides the elements to consider when deciding which machine combination 
may work best for a particular project.   
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Appendices 

There are four appendices that describe general results from studies that observed ecological effects from mastication and other treatments. Each 
appendix includes: 

Study: Each study was numbered so we could keep track of the number of studies that were summarized.  

Reference: This is the literature reference.  

Location: This is the state or country where the study occurred. 

Ecosystem: The vegetation type where the study occurred. 

Treatments: The treatments that were evaluated. 

Life-form studies: This is unique to Appendix A and lists the vegetation life form that was evaluated. 

Summary: This provides general results from the study or main points. 

Contents 
Appendix A: Effect on understory and shrub vegetation from mastication and associated treatments .......................................................................................... 51 

Appendix B. Effect on residual Tree attributes and regeneration from mastication and associated treatments ............................................................................ 54 

Appendix C. Effect on soil erosion, compaction, and nutrition from mastication and associated treatments. ................................................................................ 55 

Appendix D. Effect on insects/animals/birds from mastication and associated treatments. ............................................................................................................ 57 
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Appendix A: Effect on understory and shrub vegetation from mastication and associated treatments 

Study 

   

Treatments 
Life Forms 

Studied Summary Reference Location Ecosystem 
1 Brockway et al. 

2009 
Georgia Pine, 

Hardwoods 
• Mastication 
• Mast. plus 

prescribed fire 
(PF) 

•  Control 

tree, shrub, 
forb, grass 

• 2-3 yrs post-treatment, 
• Mastication (Mast.) led to initial increase of woody 
and herb. plants, 
• Addition of mast. and prescribed fire was needed 
to reduce woody regrowth and increase grasses and 
forbs. 

2 Burnett et al. 
2014 

California Mixed Conifer • Mastication 
• Thinning 
 

tree, shrub, 
forb 

• 2-6 yrs post-treatment, 
• Mast. and thinning treatments reduced shrub and 
herbaceous cover. 

3 Busby and  
Southworth 
2014;  

Oregon Chaparral • Mast. plus PF grass • 7 yrs post-treatment, 
• Seeding after Mast+PF had only a minimal effect 
on bunchgrass persistence, native and introduced 
cover, species richness over control. 

4 Bybee et al. 
2016; 
Shakespear 
2014;  Young 
et al. 2013a 

Utah Pinyon/Juniper 
(P-J) 

• Mastication 
• Prescribed fire 
• Thinning 
• Control 

tree, shrub, 
forb, grass, 
nonnatives 

• 1-8 yrs post-treatment, 
• Mast. and thinning produced similar results,   
• Mast. maintained a shrub-dominated ecosystem, 
• Mast. and Mast+PF increased herbaceous plant 
cover, 
• Mast. improved growth of cheatgrass  and 
bluebunch wheatgrass. 

5 Carvajal-
Acosta et al. 
2015 

Nevada Pine/Fir • Mastication 
• Control 

forb • 1-yr post-treatment, 
• No significant difference in plant community 
variables (richness, cover, etc.) to mast.  

6 Collins et al. 
2007 

California Mixed Conifer 
• Mastication, 
• Prescribed fire, 
• Mast. plus PF 
• Control 
 

tree, shrub, 
forb, grass, 
nonnatives 

• 1-yr post treatment, 
• Mast. reduced shrub cover relative to PF and 
Mast+PF, 
• Mast+PF had greatest species richness and 
number of nonnative plants,  
• PF and Mast+PF decreased native species. 
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Appendix A continued.  

Study 

   

Treatment 

Lifeforms  
Studies Location Ecosystem Studied Summary 

7 Fernandez et al. 
2013a,b, 2015; 
Fernandez and 
Vega 2016 

Spain Shrubland • Mastication 
• Prescribed fire 
 

shrub • 1.5-4 yrs post-treatment, 
• Higher species richness in PF than mast., 
• More shrub seedlings in burned areas than mast, 
• Neither mast. or PF hindered shrub recovery. 

8 Fornwalt et al. 
2017 

Colorado P-J, Mixed 
Conifer 

• Mastication 
• Control 

shrub, forb, grass, 
nonnatives 

• 6-9 yrs post-treatment, 
• Mast. had higher understory plant richness and 
cover than control, 
• Mast. had little effect on shrubs. 

9 Gottfried and 
Overby 2011 

Colorado P-J • Mastication 
• Thinning (pile 

burning) 
• Control 

tree, shrub, forb, 
grass 

• 1-3 yrs post-treatment, 
• Mast. and thinning-pile burning produced veg. 
mosaics and adequate tree regeneration 
• Pile burns resulted in higher occurrence of 
nonnatives. 

10 Kane et al. 2010 California Ponderosa 
pine 

• Mastication 
• Mast. plus PF 
• Control 

shrub, forb, grass, 
nonnatives 

• 1-4 yrs post-treatment, 
• Mast. had no effect on understory species richness, 
•Mast+PF increased both native and nonnative 
species richness as well as shrub seedling density in 
comparison to controls. 

11 Kreye et al. 
2014 

Florida Pine forest • Mastication tree, shrub • 1-yr post-treatment, 
• Shrub layer recovered quickly after mast. 

12 Owen et al. 
2009 

Colorado P-J • Mastication 
• Prescribed fire 

(piles) 
• Thinning 
• Control 

shrub, forb, grass • 2.5 yrs post treatment, 
• Mast. plots had more plant cover and richness than 
pile burns or control, 
• Pile burn plots dominated by nonnatives and 6x 
times fewer native plants than controls. 

13 Perchemlides et 
al. 2008 

Oregon chaparral, 
oaks 

• Mastication  
• control 

tree, shrub, forb, 
grass 

• 4-7 yrs post-treatment, 
• Mast. led to expansion of nonnative grasses, 
reduction in native perennial cover, dominance of 
annual forbs. 

14 Phillips et al. 
2013 

South Carolina Pine forest • Mastication 
• Prescribed fire 
• Mast. plus  PF 
• Control 

nonnatives • 7 yrs post-treatment, 
• Pine stands affected by pine beetle had highest 
nonnative species after Mast., 
• Pine stands not affected by pine beetle had highest 
nonnative species after Mast+PF. 
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Appendix A Continued. 

  

Study Studies Location Ecosystem Treatment 
Lifeforms 
Studied Summary 

15 Potts and 
Stephens 
2009; Potts et 
al. 2010 

California Chaparral • Mastication 
• Prescribed fire 
 

shrub, forb, grass • 3 yrs post-treatment, 
• PF had higher shrub cover than mast.,  
• Mast. had highest numbers of nonnative species, 
esp. nonnative grasses, 
• Cool season fire may be best for controlling 
nonnative grasses. 

16 Redmond et al. 
2014 

Utah P-J • Mastication 
• Prescribed fire 
• Thinning (pile 

burn) 
• Control 

shrub, forb, grass • 2 yrs post-treatment, 
• With seeding, both mast. and PF increased 
herbaceous cover over pile-burn, 
• With no seeding, herb. cover only increased with 
PF,  
• All treatments increased nonnatives, esp. PF. 

17 Ross et al. 
2012 

Utah P-J • Mastication 
• Prescribed fire 
• Thinning 
• control 

shrub, forb, grass • 1-2 yrs post-treatment, 
• Both mast. and thin-scatter-burn had positive 
influence on understory plant cover. 

18 Sikes and Muir 
2009 

Oregon Chaparral • Mastication 
• Thin-pile-burn 
• Control 

tree, shrub, forb, 
grass, nonnatives 

• 1-2 yrs post-treatment, 
• More shrub seedlings in both treated areas than in 
controls, 
• Thin-pile-burn increase in nonnatives, 
• Mastication may reduce species diversity. 

19 Weekley et al. 
2008 

Florida Oak 
scrublands 

• Mastication 
• Prescribed fire 
• Mast. plus PF 
• Control 

Shrub, forb, grass • 1-5 yrs post-treatment, 
• PF and Mast+PF better than Mast. for recruitment 
of rare herbaceous plants because of increased bare 
sand & reduced litter and lichen cover. 

20 Wolk and 
Rocca 2009 

Colorado Ponderosa 
pine 

• Mastication 
• Thinning 
• Control 

tree, shrub, forb, 
grass, nonnatives 

• 3-5 yrs post-treatment, 
•Chip depth negatively- related to understory cover, 
• Cover of nonnatives higher in thin only as opposed 
to control or thin plus mast, 
• Species composition different in thin plus mast as 
opposed to control or thin only. 
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Appendix B. Effect on residual Tree attributes and regeneration from mastication and associated treatments 

Study Studies Location Ecosystem Treatment Summary 
1 Brockway et al. 

2009 
Georgia Pine, 

hardwoods 
• Mastication 
• Mast. plus PF 
• Control 

• 2-3 yrs post-treatment, 
• Mast. resulted in reduced stand density and increased mean DBH, 
• Mast. reduced tree species richness. 

2 Collins et al. 2014 
* 

California Mixed conifer • Mastication 
• Prescribed fire 
• Mast. plus PF 
• Control 

• 7 yrs post-treatment, 
• For Mast, residual tree mortality was consistently lower for all species, 
• For PF, except Douglas-fir, residual tree mortality was higher, 
• Mast+PF had high residual tree mortality for white fir and sugar pine. 

3 Hamma 2011 California Mixed conifer • Mastication 
• Prescribed fire 
• Control 

• 4-11 yrs post-treatment, 
• No differences between mast. and PF treatments for stand-level 
carbon dynamics or air pollution removal. 

4 Kreye and Kobziar 
2015 

Florida Southern pine • Mastication 
• Prescribe fire 
• Mast. plus PF 

• 1-week post-burn, 
• Minimal tree mortality after PF and Mast+PF. 

5 Moghaddas et al. 
2008 * 

California Mixed conifer • Mastication 
• Prescribed fire 
• Mast. plus PF 
• Control 

• 4 yrs post-treatment, 
• All treatments decreased black oak and sugar pine seedling density, 
• PF and Mast+PF  increased Douglas-fir seedling density, 
• Mast+PF increased ponderosa pine seedling density. 

6 Potts et al. 2010 California Chaparral • Mastication 
• Prescribed fire 

• 3-yrs post-treatment, 
•Treatment did not affect shrub height, species richness, or 
composition. 

7 Reemts and 
Cimprich 2014 

Texas Oak shrubland • Mastication 
• Control 

• 1-6 yrs post-treatment, 
• Mast. treatment produced lower shrub heights for 4 growing seasons. 

8 Stephens et al. 
2009 * 

California Mixed conifer • Mastication 
• Prescribed fire 
• Mast. plus PF 
• Control 

• 1-2 yrs post-treatment, 
• Aboveground live carbon was significantly reduced with Mast. and 
Mast+PF, and unchanged for PF compared to control, 
• PF and Mast+PF had significantly greater CO2 emissions than Mast or 
control. 

9 Stephens and 
Moghaddas 
2005b * 

California Mixed conifer • Mastication 
• Prescribed fire 
• Mast. plus PF 
• Control 

• 1-2 yrs post-treatment, 
• Treatments did not affect snag volumes for all the decay classes, 
• Snag density in decay class 1 was significantly greater in PF and 
Mast+PF compared to Mast and control. 

* used the same study site in northern California. 
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Appendix C. Effect on soil erosion, compaction, and nutrition from mastication and associated treatments. 

Study 
   

Treatment  
Area Studies Location Ecosystem  Summary 

Soil Erosion and Compaction 
1 Cline et al. 

2010 
Utah P-J • Mastication 

• Control 
 

• 1-yr post-treatment, 
• tire tracks increased penetration resistance, 
• bare plots with mast. residue had higher infiltration rates and lower 
sediment yields than plots without residue. 

2 Harrison et al. 
2016 

California and 
Nevada 

Mixed conifer • Mastication 
• Prescribed fire 
• Control 

• mast. plots manipulated for residue density; PF plots on as-is burned areas 
with varying fire severity, 
• mast. residue > 25% coverage mitigated erosion, 
• sites with > 35% surface burned resulted in highest sediment yield. 

3 Hatchett et al. 
2006 

California Mixed conifer • Mastication • mast. in fall; meas. next spring, 
• mast. resulted in slight to insignificant erosion as long as a layer of 
masticated wood chips left on site. 

4 Moghaddas 
and Stephens 
2008 

California Mixed conifer • Mastication 
• Mast. plus PF 
• Control 

• 1-2 yrs post-treatment, 
• No significant soil compaction due to mast. as it was buffered by created 
debris bed, 
• Greater compaction in skid trails so any reduction in number of skid trails is 
advantageous to long-term soil health. 

5 Ross et al. 
2012 

Utah P-J • Mastication 
• Prescribed fire 
• Thin 
• Control 

• 1-2 yrs post-treatment, 
• Compared to controls, soil aggregate stability was lower in thin-pile-burn 
and mast. sites. 

Soil moisture, temperature, and nutrition 
1 Busse et al. 

2005, 2010 
California Oak-

Ponderosa 
Pine 

• Mast. plus PF  
 

• constructed fuel beds, 
• soil type did not have an effect on soil heating, 
• soil moistures > 20% limits lethal soil heating, 
• burning fuel depths > 7.5 cm in dry soils resulted in soil damage. 

2 Godwin 2012 Florida Southern Pine • Mastication 
• Prescribed fire 
• Control 

• Soil CO2 efflux rates not altered by mast. or PF, 
• Forests regularly burned over 60 yrs had lower soil CO2 efflux rates than 
forests that had never been burned. 

3 Gottfried and 
Overby 2011 

Colorado P-J • Mastication 
• Thin 
• Control 

• 1-3 yrs post-treatment, 
• Soil microbes were not decomposing mast. material, 
• Mast. decreased soil moisture and temp. extremes. 
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Appendix C Continued Soil moisture, temperature, and nutrition. 

Study 
   

Treatment  
Area Studies Location Ecosystem  Summary 
4 Johnson et al. 

2014 
California Mixed conifer • Mastication 

• Prescribed fire 
• Mast. plus PF 

Control 

• 1-yr post-treatment, 
• Mast+PF resulted in the export of soil nitrogen from the site, 
• Mast. added potassium to the forest floor. 

5 Kobziar and 
Stephens 2006 

California Ponderosa and 
Jeffrey pine 

• Mastication 
• Prescribed fire 
• Mast. plus PF 
• Control 

• 1-2 yrs post-treatment, 
• Mast. resulted in reductions in soil respiration and soil moisture, 
• PF raised soil respiration rates, 
• Mast+PF lowered soil respiration rates. 

6 Moghaddas 
and Stephens 
2007 

California Mixed conifer • Mastication 
• Prescribed fire 
• Mast. plus PF 
• Control 

• 1-yr post-treatment, 
• PF and Mast+PF reduced in C and N of forest floor, 
• No difference in total C and N in mineral soil compared to 
control. 

7 Owen et al. 
2009 

Colorado P-J • Mastication 
• Prescribed fire 
• Mast. plus PF 
• Control 

• 2.5 yrs post treatment, 
• Pile burns degraded soil properties and mycorrhiza levels, 
• Mast. had lower soil temps and higher soil moistures. 

8 Rhoades et al. 
2012 

Colorado P-J, mixed 
conifers 

• Mastication  
• Control 

• 3-5 yrs post-treatment, 
• Mast. had lower max. summer soil temperatures and increased 
soil moisture, 
• Available nitrogen higher in mast. than in control. 

9 Ross et al. 
2012 

Utah P-J • Mastication 
• Prescribed fire 
• Thin 
• Control 

• 1-2 yrs post-treatment, 
• Soil aggregate stability and nitrogen fixation potential were lower 
in the pile and burn and mast. treatments than control. 

10 Southworth et 
al. 2011 

California Chaparral • Mastication 
• Prescribed fire 
• Mast. plus PF 
• Control 

• 5 yrs post-treatment, 
• Ectomycorrhizal communities did not differ between treatments, 
• PF and Mast+PF inhibited fruiting of truffles. 

11 Stottlemyer et 
al. 2013 

South Carolina Southern pine • Mastication 
• Prescribed fire 
• Control 

• 0-1 yr post-treatment, 
• Mycorrhizal inoculum did not differ among treatments, but was 
highly variable within treatments. 

12 Young et al. 
2013b 

Utah P-J • Mastication 
• Control 

• 2-5 yrs post-treatment, 
• Mast. sites had more wet degree days than untreated sites. 
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Appendix D. Effect on insects/animals/birds from mastication and associated treatments.  

Study Studies Location Ecosystem Treatments Summary 
1 Amacher et al. 

2008 
California Mixed conifer • Mastication 

• Prescribed fire 
• Control 

• 1-yr post-treatment, 
• PF and Mast+PF increased dear mouse populations, 
• Mastication decreased deer mouse populations, 
• Brush mice positively influenced by leaving dense, low vegetation, 
• Other small mammals not affected by treatments. 

2 Apigian et al. 
2006 

California Mixed conifer • Mastication 
• Prescribed fire 
• Mast. plus PF 
• Control 

• 1-yr post-treatment, 
• moderate changes in species richness and abundance of leaf litter 
arthropods among treatments 
• Increased habitat heterogeneity by implementing a diversity of 
treatments may provide habitat for more rare species. 

3 Burnett et al. 
2014 

California  Mixed conifer • Mastication 
• Thin 
• Control 

• 2-6 yrs post-treatment, 
• Bird community composition and abundance only moderately 
affected by mast. and thinning treatments. 

4 Reemts and 
Cimprich 2014 

Texas Oak Shrubland • Mastication 
• Control 

• 1-6 yrs post-treatment, 
• No difference in probability of black-capped vireo nests in mast. sites 
vs. control, 
• Mast. can serve as substitute for PF in restoring shrubland structure 
with no detriment to vireo nesting. 

5 Seavy et al. 
2008 

Oregon Oak 
woodlands; 
chaparral 

• Mastication 
• Control 

• 1-5 yrs post-treatment, 
• Bird species associated with shrub cover more abundant on controls, 
• Bird species associated with open areas more abundant in treated 
areas, 
• Size and shape of treated areas benefit particular species. 
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