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Abstract. 

Each year in the western United States, tens of thousands of hectares of slash from forest 

thinning is burn in piles. Pile burning can affect soils, vegetation, and overstory trees. This study 

uses a rigorous experimental framework with study sties in Washington and New Mexico to 

better understand the effect of pile burning. Thermocouple measurements show that for the 1.2 m 

high piles soil heating was intense and long. Maximum temperatures were well above 400°C and 

temperatures above 60°C lasted for many hours. Flame heights averaged 3.7 m and 5.3 m for the 

Washington and New Mexico sites respectively and were reduced by increased moisture. 

Vegetation survey showed no difference between piles burned one and three years ago. The lack 

of significant differences between vegetation survey of piles of different ages suggests that 

vegetation recovery requires a longer term study to measure. Invasive species were present pre- 

post-treatment on both sites, but long-term monitoring will be necessary to gauge their impact.  
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Introduction 1 

Millions of acres of fuels reduction treatments are being implemented each year in an effort to 2 

mitigate the threat of wildfire at the wildland-urban interface. Federal land management agencies 3 

alone treated fuels on 21.3 million acres between 2008-2012 (Bracmort 2013). Typical hazardous 4 

fuel reduction treatments target small diameter trees for removal producing large amounts of 5 

unmerchantable woody material and elevating surface fuel loadings (Agee et al. 2000, Fulé et al. 6 

2002, Hjerpe et al. 2009).  Thinning without treating the slash created by the thinning can result 7 

in fire behavior that is more extreme than in untreated areas (Stephens 1998, Innes et al. 2006). 8 

Hence, mitigating the increased fuel generated by thinning is an important management 9 

consideration. Currently, there are few commercial markets for this woody material, so it is 10 

commonly piled by hand or with heavy machinery and burned on site (Farnsworth et al. 2003, 11 

Fulé et al. 2004, Seymour and Tecle 2005, Evans and Finkral 2009). Data from the National Fire 12 

Plan Operations and Reporting System (NFPORS) indicates that the USDA Forest Service alone 13 

created more than 25,000 hectares of piles in the western United States during 2014. 14 

 15 

Pile burning concentrates fuels and hence fire effects. In forests adapted to low or moderate 16 

intensity fires, pile burning may create conditions such as soil temperatures and flame heights 17 

that may cause vegetation and soil impacts managers want to avoid. For example,  soil heating 18 

from slash pile burning in thinned stands can reduce rates of reestablishment by native 19 

understory plant species and enhance rates of exotic plant invasion (Dickinson and Kirkpatrick 20 

1987, Wolfson et al. 2005, Zouhar et al. 2008, Owen et al. 2009, Fornwalt and Rhoades 2011). In 21 

one case pile burning contributed to poor regeneration for half a century within pile burn scars 22 

(Rhoades and Fornwalt 2015). 23 
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 24 

The effects of pile burning are influenced by a wide range of factors including pile size, fuel 25 

moisture, and soil saturation. Wright and colleagues (2010) demonstrated that pile size, shape, 26 

age, species composition, packing ratio have a significant effect on pile biomass and emissions 27 

estimates. Previous studies have indicated that heat pulse from slash piles was determined by 28 

fuel composition, not on pile size (Busse et al. 2013). No surprisingly, the greatest heat tends to 29 

be in pile centers and soil heating declines sharply at pile edges (Busse et al. 2013). Frandsen and 30 

Ryan (1986) demonstrated that saturated soils reduced soil temperatures under a burning piles. 31 

 32 

We designed this study to understand the effects burning hand piles has on vegetation, soils, and 33 

overstory trees. We present data to answer three broad questions. First, how are pile 34 

characteristics related to the duration and depth of soil heating? Second, how is vegetation 35 

recovery influenced by pile characteristics? Third, what effects do pile characteristic have on 36 

flame heights and damage to overstory? Our hope is that by answering these questions we can 37 

help forest managers understand potential impacts of pile burning and to adjust pile burning 38 

plans to minimize unwanted effects. 39 

 40 

Methods 41 

Study area 42 

We established two to three hectare study sites on land managed by by the Naches Ranger 43 

District of the Okanogan-Wenatchee National Forest in central Washington (hereafter WA) and 44 

Santa Clara Pueblo in north-central New Mexico (hereafter NM). Both sites were in dry conifer 45 
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forests that had been recently thinned of small diameter (<20 cm d.b.h.) trees to reduce stand 46 

density.  47 

 48 

The NM site was located on relatively flat ground at 2400 m elevation 20 km west of Española, 49 

New Mexico in the Jemez Mountains (N 36°00’56.4”; W -106° 16’59.9”).  The area is 50 

characterized by warm summers (summer maximum temperatures average 32°C) and cold 51 

winters (winter minimum temperatures average -14°C) with an overall average temperate of 52 

10°C . The area gets between 26 and 38 cm of precipitation with much of it coming in the 53 

summer and fall during the monsoon period based on the Santa Clara Canyon RAWS station.  54 

Soils are well drained Totavi gravelly loam. The site is in a mature ponderosa pine (Pinus 55 

ponderosa) stand with a sparsely vegetated understory dominated by blue grama (Bouteloua 56 

gracilis), june grass (Koeleria cristata), and awnless brome (Bromus inermis). The stand was 57 

thinned in 2011 to a basal area of 19 m2 ha-1; thinning debris (branches and tops only) was piled 58 

by hand at a density of 50 piles ha-1. 59 

 60 

The WA site was located on gently sloping terrain (5-15 percent slope, easterly aspect) at 1,130 61 

m elevation, above Rimrock Lake in the eastern Cascade Range (N 46°39’27”; W 62 

121°09’26.8”).  Soils are well drained McDanielake ashy sandy loam. The understory dominated 63 

by herbaceous species, including elk sedge (Carex geyeri), pine grass (Calamagrostis 64 

rubescens), Idaho fescue (Festuca idahoensis), and Virginia strawberry (Fragaria virginiana), 65 

with scattered low shrubs, including kinnikinnick (Arctostaphylos uva-ursi) and grouse 66 

whortleberry (Vaccinium scoparium). The site is in a mixed conifer stand comprised of a mixture 67 

of ponderosa pine, Douglas-fir (Pseudotsuga menziesii), western larch (Larix occidentalis), and 68 
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grand fir (Abies grandis). The stand was made up of many small trees between 15 and 30 cm 69 

d.b.h. with scattered old ponderosa pines and western larches greater than 60 cm d.b.h.  The 70 

stand was thinned in 2011 to a basal area of 13 m2 ha-1; thinning debris was piled by hand at a 71 

density of 90 piles ha-1.   72 

 73 

Study design 74 

This study used a blocked factorial design with replication. The WA and NM sites were the two 75 

blocks. For each site we burned five fall-built piles in the fall of 2011, 2012, and 2013; five fall-76 

built piles in the spring 2012 and 2013; five spring-built piles in the spring of 2012, 2013, and 77 

2014; and five spring-built piles in the fall of 2012 and 2013. The five pile ages for two burning 78 

seasons were each replicated five times for a total of 100 piles. Immediately before the first fall 79 

and spring burning period, we built 25 hand piles of equal size at each location; five replicates 80 

from each build period were burned each season at each location for two years following 81 

building to achieve a fully crossed experimental design.     82 

 83 

At each site 50 pile locations were established in accordance with standard practice for the area, 84 

i.e., their location was not random, but designed to minimize damage to residual trees and the 85 

risk of fire spread from one pile to another. Before building the piles, we assessed vegetation 86 

coverage by species three 0.5 × 0.5 m subplots at each pile. The center of the interior edge of 87 

subplots 1 and 2 were 0.25 m upslope and downslope of the pile marker, respectively.  The 88 

center of the interior edge of subplot 3 was located 0.5 m from the pile marker to the left of plot 89 

center. Vegetation coverage by species was reassessed in the same permanently marked subplots. 90 

An additional set of 12 0.25 m2 plots were placed in a transect across the NM site to enable 91 
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comparison between unburned areas and pile footprints. Also before pile were built, we installed 92 

an array of 16 type-K thermocouples  into undisturbed soil beneath the pile at four depths (0, 5, 93 

15, 30 cm depth) and four distances from the pile center (0.2, 0.7, 1.2, and 1.5 m).  We took soil 94 

samples from undisturbed ground within the pile perimeter.  We measured the distance and 95 

azimuth to the nearest live tree greater than 10 cm in each quadrant (NE, NW, SE, SW) and 96 

recorded its species, height, height to crown base, height to live crown, and diameter at breast 97 

height.   98 

 99 

Piles were composed of coniferous thinning debris and sized to reflect typical hand piling 100 

specifications (half spheres with a 1.2 m radius, 1.2 m tall). Piles at the NM site were composed 101 

of <7.6 cm diameter woody material only (branches and small tops), as the area had been made 102 

available for firewood collection prior to piling.  In contrast, the piles at the WA site included 103 

tops, branches, and 1.5-2 m long pieces of bole wood up to approximately 20 cm in diameter. 104 

The material in each pile was weighed during the pile-building process with hanging scales; pile 105 

weight measurements were corrected to a dry weight basis by collecting representative moisture 106 

content subsamples for each pile.  107 

 108 

Piles were burned during the typical spring and fall burning windows at each location. Piles were 109 

ignited with a drip torch approximately every 15-20 minutes. The entirety of the ignition period 110 

typically extended over a 1.5-3 hour window of time. Technicians monitoring the piles allowed 111 

them to burn unmanipulated until they self-extinguished. They did not add fuel to the piles with 112 

the exception of logs that rolled off the pile in Naches which they moved back onto the main fire. 113 

 114 
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We timed the duration of flaming, smoldering, and total combustion for each pile (flaming, 115 

smoldering, total burn-out times).  We also visually estimated flame height every 1-3 minutes for 116 

the first 20 minutes following ignition and periodically thereafter until the end of flaming; a 3-m 117 

long, graduated measuring pole was positioned adjacent to each pile for scale. We measured the 118 

surface and below ground temperature every 10 seconds during pile burning with the array of 16 119 

type-K thermocouples. 120 

 121 

Upon completion of all combustion (i.e., out cold), we collected all residual material in two 0.60 122 

m2 wedge-shaped areas within the pile perimeter.  Pure charcoal fragments were separated from 123 

unburned and charred wood. Then we oven dried all material at 100°C for a minimum of 48 124 

hours and weighed on a precision balance to determine oven-dry mass of both constituents. At 125 

the end of the study in 2015, we reassessed vegetation subplots, overstory condition, and soils. 126 

 127 

Results 128 

 129 

Soil 130 

Piles at the WA site reached a maxim temperature of 879°C and the average of maximum 131 

temperatures across the 30 measures at 20 cm horizontally from the pile center was 595°C (SD 132 

154). Below the surface, temperatures were moderated and in WA the maximum temperature 5 133 

cm below the surface was 211°C.  At the NM site, temperatures at 20 cm horizontally from the 134 

center of the pile at the soil surface reached 916°C and on average, the maximum temperature 135 

was 488°C (SD 223). The maximum temperature 5 cm below the surface was 202°C.  136 

 137 
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The duration of heating can be as important as the maximum temperature. We used a cut off of 138 

60°C as a temperature which can kill plant tissue at a duration of one minute (Agee 1993 p. 114). 139 

Piles burned longer on average at the WA site than at the NM site (p = 0.008) (Fig 1). At 15 cm 140 

below the surface and deeper, the soil heating was brief or non-existent. Thermocouples only 141 

record temperatures above 60°C at 15 cm below the surface at 3 piles in WA and 2 piles in NM. 142 

Thermocouples at 30cm below the surface did not measure any heating above 60°C during the 143 

pile burning. 144 

 145 

At both sites, the heat from pile burning was concentrated at the center of the pile. On average, 146 

soil temperatures at the surface and horizontally 0.7 m from the pile center were only above 147 

60°C for 31 minutes at the WA site and 8 minutes at the NM (Fig. 3). At 1.2 m and 1.4 m 148 

horizontally from the pile center, increased temperatures from pile burning were brief at the 149 

surface (Figure 2). At 1.2 m and 1.4 m horizontally from the pile center, pile burning did not 150 

raise soil temperatures above 60°C even at the soil surface. 151 

 152 

Burning consumed a large proportion of the piled material: about 94% at both sites. The 153 

remaining material included about 1% charcoal and 5% wood for the WA piles and 3.5% 154 

charcoal and 2.5% wood for the NM piles. In other words, pile burning added 2.5 kg (SD 0.8) 155 

and 3.1 kg (SD 2.4) of charcoal per pile in WA and NM respectively. On a per hectare basis, this 156 

results in the addition of 220 kg or 150 kg of charcoal to the WA and NM sites respectively. 157 

 158 

Vegetation 159 
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In 2011 when the project started, there was an average of 56% (SD 26) vegetation cover on in 160 

WA and 21% (SD 15) vegetation cover in NM. When the project started, there was an average of 161 

4.7 species per subplot (SD 1.5) in WA and 3.3 per subplot (SD 1.6) in NM. In WA pre-162 

treatment, the majority of the ground was strawberry (Fragaria virginiana) or Idaho fescue 163 

(Festuca idahoensis) with elk sedge (Carex geyeri) and 29 other species making up the rest of 164 

the ground cover. Pinegrass (Calamagrostis rubescens) and twinflower (Linnaea borealis) 165 

covered a large proportion of the ground on a few subplots, but were less common across the 166 

stand. Post-treatment Idaho fescue remained the most species based on average ground coverage, 167 

strawberry and elk sedge declined in importance and tiny trumpet (Collomia linearis) increased 168 

in importance. The same total number of species were identified post-treatment (32 species), 169 

though some such as kinnikinnick (Arctostaphylos uva-ursi) were identified pre-treatment and 170 

not post treatment and others such as tiny trumpet were not identified pre-treatment.  171 

 172 

In NM pre-treatment, Small-leaf pussytoes (Antennaria parvifolia), blue grama (Bouteloua 173 

gracilis), june grass (Koeleria cristata), and fetid goosefoot (Chenopodium graveolens) provided 174 

the most ground cover though 29 different species were identified in the subplots. Post-175 

treatment, june grass and blue grama remained important, but golden aster (Chrysopsis villosa) 176 

provided more cover than small-leaf pussytoes or fetid goosefoot. The 28 species identified 177 

across all subplots post-treatment.  178 

 179 

On the WA site, two invasive species were present: bull thistle (Cirsium vulgare) and dandelion 180 

(Taraxacum officinale). No bull thistle was found pre-treatment on any of the subplots, but post 181 

treatment it had invaded 13 subplots and had an average coverage of 0.23% (SD 1.0). Looking 182 
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only at the 13 subplots with bullthistle, post treatment the average coverage was 2.6% (SD 2.5). 183 

The number of subplots with dandelion increased from 21 to 28 and the average coverage 184 

changed from 0.53 (SD 2.12) pre-treatment to 0.24 (SD = 0.56) but the decrease was not 185 

statistically significant at the 0.05 level. On the NM site, an invasive species, cheat grass 186 

(Bromas tectorum), was found on 8 subplots pre-treatment and 12 sub-plots post-treatment. On 187 

average cheat grass made up 3.8% (SD 3.9) of the ground cover pretreatment and 3.5% (SD 2.6) 188 

post-treatment. 189 

 190 

In 2015 post-treatment, there was an average of 11% (SD 14) and 5% (SD 6) vegetation cover on 191 

subplots in WA and NM respectively. Post burn there was an average of 3.2 species per subplot 192 

(SD 1.3) in WA and 1.5 (SD 1.4) in NM. In WA, 99% of plots declined in vegetation coverage 193 

post-treatment and 85% of plots declined in vegetative coverage in NM. In 2015, we measured 194 

an additional series of 12 0.5m2 plots across the site (outside of piles footprints) and on these 195 

control plots vegetation covered an average of 29% of the ground. The control plots had 196 

significantly greater coverage than the pile plots (p = 0.009).  197 

 198 

There was no significant difference at the WA or the NM site in the vegetative coverage between 199 

those piles that had the most time to recover from burning before the final sampling in summer 200 

2015 (i.e., those burned in 2011 and spring 2012) and those that had the least time to recover 201 

(i.e., those burned in fall 2013 and spring 2014). However, looking solely at the third subplot in 202 

WA, which was 50cm from pile center (subplots 1 and 2 where 25 cm from the pile center) there 203 

is an increase in post burn vegetation. On the WA site, the third subplots of piles that had the 204 

most time to recover had a significantly higher mean (16%; SD 13) than those burned more 205 
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recently (3.2% SD 2.9). The NM third subplots burned earlier were not significantly different 206 

from those burned more recently. However, in NM, subplot 3 had significantly more vegetation 207 

coverage (6.8% SD 6.8) in 2015 than subplots 1 and 2 (p > 0.003) which had a mean of 3.7% 208 

(SD 5.2). Pre-treatment there was no significant difference between subplot 3 and subplots 1 and 209 

2 in NM. 210 

   211 

Overstory 212 

The stands where our experimental piles burned were not unusual for the types of stands where 213 

managers often use pile burning as a treatment. Since both sites had been thinned, they were 214 

more open than untreated stands. Piles locations were selected to minimize interaction with 215 

remaining overstory trees. Overstory trees were an average distance of 7.1 m (SD 7.6; 6.9) from 216 

plot centers in both WA and NM (Fig 4a). The trees were smaller at the WA site where the mean 217 

DBH was 22 cm (SD 33) compared to 30 cm (SD 25) at the NM site (Fig. 4b). The basal area 218 

averaged 13 m2/ha (SD 16) at the WA site and at NM was 19 m2/ha (SD 13) (Fig. 4c).  219 

 220 

On the WA site, maximum flame heights ranged from 1.8 to 6.1 m with a mean of 3.7 m (SD 221 

1.2). Maximum flame heights were taller and occurred soon on the NM piles. The maximum 222 

flame heights in NM ranged from 3.7 to 8.5 m with an average of 5.3 m (SD 1.3). On average, 223 

piles in WA reached their maximum height in the first 8 minutes of ignition while piles in NM 224 

reached their maximum in the first 4.5 minutes of ignition. The moisture content of small 225 

branches on the day of burn was a significant predictor of flame height (p < 0.001;  R2 = 55%). 226 

Not surprisingly, increased moisture reduced flame height (Fig. 5). Our post-burn survey of trees 227 

found minor bole scorch but no damage or change in tree health on either site.  228 



13 
 

 229 

Piles on the WA site had flaming combustion for an average of 95 minutes (SD 54) before 230 

transitioning to smoldering combustion. The NM piles had flaming combustion for significantly 231 

less time than WA piles (p < 0.001) with an average of 46 minutes (SD 19) before the transition 232 

to smoldering. The duration of flaming combustion varied with pile age (Fig. 6). At the NM site, 233 

the oldest piles burned for the longest time and there were significant differences between piles 234 

less than 2 years old and 2 year-old piles. Also, piles 1.5 years old took significantly longer to 235 

burn than piles less than 1 year old (Fig 6). 236 

 237 

A linear model suggested that both pile age and pile weight on day of burn were significant 238 

predictors of flaming duration (p > 0.001; R2 = 34%) (Fig 7). 239 

 240 

Discussion 241 

Thermocouple measurements show that for the 1.2 m high piles soil heating was intense and 242 

long. Maximum temperatures were well above 400°C and temperatures above 60°C lasted for 243 

many hours. However, high temperatures and long duration only occurred in the top 15 cm of 244 

soil and only within about 1 m of the pile center. Although the built pile footprint was 1.2 m in 245 

radius and 1.2 m in height, the soil impact area was smaller. In the NM site, older piles burned 246 

longer which is likely due to the compression of fuels by snow and decomposition. Our results 247 

collaborate Busse and colleagues’ (2013) results from piles burning in the Lake Tahoe Basin. 248 

They found that pile composition was a more important driver of soil heating than pile size. Piles 249 

with large pieces of wood generated heat about 100C for over 60 hours in some cases (Busse et 250 

al. 2013).  251 
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 252 

The lack of significant differences between piles that had 3 growing seasons to recover and those 253 

that had only one growing season to recover suggests that vegetation recovery requires a longer 254 

term study to measure. However, the vegetation response in the pile scars, particular at the edge 255 

of the pile scars, suggests the revegetation process is underway. In both WA and NM, subplot 3 256 

appeared to revegetation more rapidly than subplots 1 and 2 which were 25 cm closer to the 257 

center of the pile. This may have been due to reduce duration of heating above 60°C, though on 258 

average subplot three received more than two hours of heating over 60°C at both sites. Other 259 

studies have found vegetation regrowth at pile edges and documented the impact of fire intensity 260 

on vegetation recovery (Dickinson and Kirkpatrick 1987, Fornwalt and Rhoades 2011). While in 261 

both WA and NM, the soil surface at 20 cm horizontally from the plot center experience many 262 

hours of heating above 60°C, but heating at 50 cm from the pile was likely a quarter to a half as 263 

long. Long term monitoring may help differentiate the small hand piles we assessed from the 264 

larger, machine built piles that can have long term negative impacts on tree regeneration (e.g., 265 

Rhoades and Fornwalt 2015).  266 

 267 

The production of more than a half a kilogram of charcoal per m2 over the 4.5 m2 area of the 268 

built pile footprint may have helped with germination (Reyes et al. 2015). Briggs and colleagues 269 

(2012) showed that the addition of charcoal to the soil from ponderosa pine burning significantly 270 

increased the water-holding capacity and darkened the soil. An increase in water-holding 271 

capacity may have benefited plant growth, particularly in NM where moisture is often limiting.  272 

 273 
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Past studies have highlighted the risk of spread of invasive plants after pile burning (Wolfson et 274 

al. 2005, Zouhar et al. 2008). Our study did showed an increase in bull thistle on the WA site and 275 

continued presence of cheat grass. Bull thistle is a noxious weed that can inhibit the growth of 276 

ponderosa pine (Randall and Rejmánek 1993) while invasion of cheat grass can alter fire regimes 277 

(Davies and Nafus 2013). The WA site also had a continued presence of a less noxious invasive, 278 

dandelion, post-treatment. Longer term monitoring will be necessary to understand whether the 279 

small coverage of invasives plants recorded in this study expands. The degree to which pile scars 280 

are invaded is likely due to the prevalence of invasive plants in the surrounding stand and the 281 

size of burn scars. Both the WA and NM sites were relatively free from invasives, though the 282 

species found in the sampling existed throughout the stand. Mulching, scarifying, and seeding 283 

are effective tools for rehabilitating pile burn scars (Fornwalt and Rhoades 2011). 284 

 285 

Using a conversion of charcoal to C of 78% based on measured C content of charcoal from 286 

similar piled fuels from Finkral and colleagues (2012), pile burning stored about 0.22 and 0.098 287 

Mg of C ha-1 in the soils at the WA and NM sites respectively. Burning of larger slash piles can 288 

generate up to 0.34 Mg of C ha-1 (Finkral et al. 2012). This suggests that if all the piles reported 289 

for 2014 in the federal accomplishment database for the western US were burned, it would add 290 

between 2,450 and 8,500 M of C ha-1 to the soil.  291 

 292 

Our study noted no significant damage to overstory trees. This is likely due to the relatively 293 

shallow depth of soil heating and the wide spacing of overstory trees relative to pile flame 294 

heights. Since the main mass of ponderosa pine roots extend down to 60 cm below the surface 295 

(Oliver and Ryker 1990), burning piles of similar magnitude to those in this study are unlikely to 296 
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damage more than the top quarter of these roots.  Maximum flames heights (3.7 m and 5.3 m on 297 

average for WA and NM) were shorter than the distance from pile center to nearest tree (7.1 m in 298 

both WA and NM) in the majority of cases. The minor scorch recorded was within the tolerance 299 

of ponderosa pine which can withstand 50 percent crown scorch (Oliver and Ryker 1990). 300 

Leaving piles on site for multiple years is likely to decrease flame heights but increase the 301 

duration of flaming combustion. Similarly, burning with higher fuel moistures will likely reduce 302 

the flame height from pile burning. 303 

 304 

Conclusion 305 

Overall, our study shows that controlled burning of hand pile fuels can have minimal impacts on 306 

ground story vegetation and overstory trees. We hope that our detailed measurements of pile 307 

characteristics and burn attributes provide managers with useful tools for planning fuel reduction 308 

treatments.  309 
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Figures 
 

 
Figure 1 Duration of soil heating above 60°C at four depths, 20 cm horizontally from the pile 
center 
 
 

 
Figure 2 Average number of minutes above 60°C at each thermocouple location at the WA site.  
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Figure 3 Average number of minutes above 60°C at each thermocouple location at the NM site.  

 
 

  

Figure 4a-c Box plots of a) distance from pile center to nearest tree b) diameter at breast height 

and c) basal area for each of the two study sites. 
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Figure 5. Percent moisture content of small branchs versus flame height 

 

 

Figure 6. Duration of flaming combustion versus pile age by season of burn for each of the two 

study sites. 
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Figure 7. Pile weight at time of burning versus the duration of flaming combustion 
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