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ABSTRACT 

TREE THINNING TREATMENTS ALTER SOIL PROPERTIES, ARBUSCULAR 

MYCORRHIZAL FUNGI AND UNDERSTORY PLANT COMMUNITIES  

 

SUZANNE M. NEAL 

 

Forest management practices designed to reduce fire risk, particularly thinning 

followed by burning slash piles, can cause below ground disturbance that creates 

favorable conditions for exotic plant species. Newer fuel-reduction methods, such as 

mechanical mastication are being examined as potential alternatives to the burning of 

slash piles. We compared soil properties (both physical and chemical), arbuscular 

mycorrhizal fungal (AMF) response, and plant community composition in replicated 

plots of pinyon-juniper (Pinus edulis-Juniperus osteosperma) woodland both six months 

and two and a half years after treatment by mechanical mastication and slash pile burning 

relative to untreated controls. We measured AMF responses because of their importance 

in both promoting the growth of many native plant species and in increasing soil stability. 

To our knowledge, this is the first study to measure both understory plant and AMF 

response to mastication or AMF community response to slash pile burning. Our results 

showed that six months post treatment, sites treated by slash pile burning had the highest 

percentage of exotic plant species; higher soil temperatures, pH and concentrations of 

NO3
− and NH4

+; lower plant cover, soil stability, soil moisture, AMF propagule 

abundance and spore morphotype richness and a different AMF community make-up 
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than untreated areas. Soil bulk density did not differ between pile burns and untreated 

plots. Only two soil properties (temperature and moisture) were significantly different 

between mechanical mastication six months post treatment and untreated areas. AMF 

measures and plant community composition were not significantly different between 

mastication and untreated plots. The same patterns were observed for plots treated with 

slash pile burning two and a half years post-treatment, except that they differed 

significantly from untreated plots in bulk density and plant community composition, but 

not AMF abundance. Mastication plots two and a half years post treatment had 

significantly higher exotic plant cover, and concentration of NH4
+ and lower soil 

temperature, AMF spore biovolume and AMF richness than untreated plots. Overall, 

mechanical mastication had fewer impacts on belowground and aboveground 

communities than slash pile burning and therefore may be a preferable method for 

overstory fuel reduction. However, this is a relatively short-term study and the long-term 

impacts of mastication need further study. Above ground disturbance caused by fuel 

reduction can affect belowground systems due to the positive feedbacks between AMF 

and plants. There are also positive feedbacks between AMF and soil stability, which 

suggests that methods of fuel reduction that have little negative impact on soils and their 

associated AMF may be most successful in promoting plant cover and decreasing soil 

erosion.  

 



  iv

ACKNOWLEDGEMENTS 

 
I would like to thank Kitty Gehring, Carolyn Sieg and Nancy Johnson for all of your 

support, patience and suggestions on the development of this manuscript. This work 

could not have been completed without the help of many people including: Andrew 

Owen, Steve Overby, Noah Barstasis, Rudy King, Cara Gildar, Jim Fowler, Tina Ayers, 

Kyle Christie, Anita Antoninka, Dana Erickson, Lauren Hertz, Elaine Sherman, Todd 

Gardiner, Becky Mueller, Patrick McCoy, Dan Guido, John Hockersmith, Chris Olson, 

Nick Cortopassi, Michael Pass, Todd Wojtowicz, Zsuzsi Kovacs, Matt Bowker, Bala 

Chaudhary, Bradford Blake, Kathleen Keelen and all members of the Gehring and 

Johnson lab groups and the Dolores Forest Service Station, and my parents, Richard and 

Judy Neal. This research was funded by the USDA Forest Service: Rocky Mountain 

Research Station: Cost share agreement: # 05CS-11221615-152. 



  v

TABLE OF CONTENTS 
 

ABSTRACT         ii 

ACKNOWLEDGEMENTS       iv 

LIST OF TABLES        vi 

LIST OF FIGURES         vii 

PREFACE         viii 

CHAPTER 1:  

 Introduction         1 

 Methods         6 

 Results         14 

 Discussion         23

 Literature Cited       32 

Tables         45 

     Figure Legends       55 

 Figures        57 

 Appendices        64 

  



  vi

LIST OF TABLES 
 

1-1. Description of the study sites. 

1-2. Mean properties of 0-15 cm mineral soil between treatments for A. Six months post 

treatment and B. Two and a half years post treatment. 

1-3. Mean AMF response to treatments for A. Six months post treatment and B. Two and 

a half years post treatment. 

1-4. Bioassay mycorrhizal inoculum potential (MIP) experiment: mean Zea mays 

response and AMF colonization for A. Six months post treatment and B. Two and 

a half years post treatment. 

1-5. AMF spore morphotype species list for six months post treatment with mean spore 

size, density and relative abundance. 

1-6. Mean plant and litter cover and plant functional group cover for A. Six months and 

one and a half years post treatment and B. Two and a half and three and a half 

years post treatment. 

 



  vii

LIST OF FIGURES 
 

1-1. Surface soil aggregate stability between treatments for six months post treatment. 

1-2. NMS ordination of AMF spore morphospecies community from each treatment for 

six months post treatment. 

1-3. Mean spore abundance for significant AMF indicator species for six months post 

treatment. 

1-4. Mean plant richness, both native and exotic for A. six months post treatment and B. 

one and a half years post treatment. 

1-5. Mean plant richness, both native and exotic for two and a half years post treatment 

A. pile burns and untreated plots B. Mastication and untreated plots. 

1-6. NMS ordination of plant species community make up for pile burns and untreated 

plots for A. Two and a half years post treatment and B. Three and a half years 

post treatment.  

1-7. Mean plant species abundance for significant indicator species for A. Two and a half 

years post treatment and B. Three and a half years post treatment. 

 



  viii

 

PREFACE 

Chapter 1 is a manuscript that has been prepared for submission for publication in the 

journal Ecological Applications. 
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CHAPTER 1 

INTRODUCTION 

Many forests in the western United States have unnaturally high tree densities and 

frequent stand replacing fires due to a combination of timber management practices, 

overgrazing, fire suppression since the early 1900’s and climatic changes (Covington et 

al. 1997, Allen et al. 2002, Schoennagel et al. 2004, Noss et al. 2006). Large wildfires 

can threaten resources and lead to losses in diversity and increased soil erosion 

(Covington et al. 1997, Neary et al. 1999). Expansion of human populations into forested 

areas has amplified the problems of managing fire, especially in wildland–urban 

interfaces (Dombeck et al. 2004). In order to reduce tree densities and decrease fuel 

loadings to prevent large wildfires, land managers are increasingly thinning trees. 

Managers also thin trees to promote understory plant growth and/or to increase plant 

biodiversity and reduce soil erosion (Covington et al. 1997, Allen et al. 2002, Allen 

2002, Korb et al. 2003). Tree thinning produces large amounts of woody debris and 

managers use several methods to reduce these fuel accumulations. One common fuel 

reduction method is piling the fuel (or slash) and burning slash piles (Dickinson and 

Kirkpatrick 1987, Massman et al. 2003, Haskins and Gehring 2004). 

Burning slash piles has been shown to increase exotic plant species (Dickinson 

and Kirkpatrick 1987, Haskins and Gehring 2004), alter soil properties (Massman et al. 

2003, Korb et al. 2004) and negatively affect soil organisms (Broza and Izhaki 1997, 

Korb et al. 2003). Slash pile burning often benefits exotic plant species to a greater extent 

than native plants (Dickinson & Kirkpatrick 1987, Haskins and Gehring 2004, Korb et al. 

2004). Massman et al. (2003) found that burning slash piles in a ponderosa pine (Pinus 
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ponderosa P. & C. Lawson) forest produced soil temperatures greater than 400°C and 

heated to depths over 100 cm. The recovery of average daily soil temperature took two 

weeks longer at these sites than at low fuel loading sites. Soil temperatures greater than 

100°C are lethal to most soil organisms and plant seeds (DeBano et al. 1998). The high 

soil temperatures and long residence time caused by fire with large fuel loadings can 

reduce native plant seed banks (Hunter and Omi 2006) and lead to a lack of plant 

diversity and local extinctions (Halpern 1995). Long periods of high soil temperatures 

caused by fire can also increase surface water run-off and soil hydrophobicity and 

decrease soil pore-size and aggregate stability, increasing the probability of soil erosion 

(Neary et al. 1999, Gonzalez-Perez et al. 2004). In general, high fuel loading fires can 

reduce microbial biomass and abundance (Jhonamie et al. 2003) and change the 

composition of soil macro- and microarthropods (Broza and Izhaki 1997). Burnt slash 

piles have also been known to decrease soil mycorrhizal fungal propagules (Korb et al. 

2004). Laboratory experiments have shown that heating field soil above 80°C eliminates 

almost all mycorrhizal fungi (Klopatek et al. 1988, Pattinson et al. 1999). 

Because of their importance to the establishment and growth of grasses and forbs, 

researchers have been particularly interested in the impacts of fire and other fuels 

management treatments on arbuscular mycorrhizal fungi (Klopatek et al. 1988, Pattinson 

et al. 1999, Korb et al. 2004, Haskins and Gehring 2004a). Arbuscular mycorrhizal fungi 

(AMF) are soil and root dwelling plant symbionts relied upon by many native understory 

plants for nutrient and water acquisition (Wilson and Hartnett 1988) and protection 

against pathogens (Allen 1991, Smith and Read 1997). Plants with AMF associations are 

generally better nourished, better able to cope with stress and more productive than plants 
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without AMF associations (Allen 1991, Klironomos et al. 2000). Also, individual AMF 

species and AMF diversity can affect plant community structure and diversity (van der 

Heijden et al. 1998, Stampe and Daehler 2003). These results suggest that a loss of AMF 

due to high severity ground fires could result in a less diverse understory plant 

community with a lower chance of survival. Furthermore, because AMF are obligate 

symbionts that depend entirely on their host plants for carbon (Logi et al. 1998, Eom et 

al. 2000), the loss of understory plants also contributes to the reduction or loss of AMF 

(Eom et al. 2000). The positive feedback between mycorrhizal fungi and plants suggests 

that methods of fuel reduction that have little negative impact on soils and their 

associated mycorrhizal fungi may be most successful in promoting plant cover and 

diversity.  

The negative effects of burning slash piles and the high cost of implementing this 

treatment have led to development of new methods of fuels reduction, including 

mechanical mastication. Mechanical mastication is a less expensive method of overstory 

thinning, which costs approximately $750 to $1,200 USD less per hectare than pile 

burning (Todd Gardiner: USDA Forest Service, CO personal communication). This 

method employs ‘hydro-mow’ equipment, similar to a large mulching lawnmower that 

uses rotating blades to shred live trees into large wood chips (mostly ranging from < 2 cm 

to 15 cm long) that are distributed across the topsoil. Few studies have measured the 

specific effects of mastication in a forested system (Resh et al. 2005). The use of large 

thinning equipment could increase soil bulk density and compaction (Corns 1988). 

Studies on the effects of woody debris suggest highly variable impacts on soil processes 

and plant communities. The addition of woody debris to topsoil has been found to reduce 
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soil respiration, soil temperature and soil moisture (Kobziar and Stephens 2006) and 

increase forest floor mineral N and N mineralization (Carlyle 1995). In contrast, Binkley 

et al. (2003) found that wood chip additions decreased N availability and increased 

winter soil temperature. The addition of woody debris decreased understory plant 

biomass in some studies (Benson 1982, Binkley et al. 2003) and promoted herbaceous 

plant cover and diversity in others (Brockway et al. 2002, Kleintjes et al. 2004). Still less 

is known about the possible effects of mechanical mastication on soil biota as studies on 

the impacts of woody debris on soil organisms have been largely limited to agricultural 

systems where variable results have been observed (Resh et al. 2005). To our knowledge, 

the effects of mechanical mastication on both understory plant communities and AMF 

have not yet been studied in a forest system.  

We compared soil properties, AMF abundance and community composition, and 

plant community composition in replicated plots of pinyon-juniper (Pinus edulis-

Juniperus osteosperma) woodland that have been treated using mechanical mastication, 

slash pile burning or left untreated as controls. Pinyon-juniper woodlands are a 

significant vegetation type of the southwestern United States, covering over 20 million 

hectares (Miller and Wigand 1994). There is considerable debate about the need for 

thinning management in this ecosystem. Some researchers feel that the fire history and 

‘natural’ state of pinyon-juniper woodlands have changed little in the past few hundred 

years and that infrequent, but stand replacing fires occurred in the past (Wangler and 

Minnich 1996, Floyd et al. 2000). In contrast, Despain and Mosely (1990) argue that 

frequent, low severity fires were a significant component of the historical fire regime in 

these woodlands. One explanation for these different views may be the variability in the 
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structural types of pinyon-juniper systems due to different soil types, elevation and 

precipitation (Romme et al. 2003). Most researchers feel that more studies are needed in 

order to fully understand the fire regimes of these woodlands (Paysen et al. 2000, Romme 

et al. 2003, Baker and Shinneman 2004, Floyd et al. 2002). Regardless of the debate 

about the role of fire in pinyon-juniper ecosystems, land managers are increasingly 

thinning these forests in order to prevent large stand-replacing wildfires that might 

endanger archaeological sites or homes in urban-wildland interfaces. There is great 

interest in understanding if burning slash piles should be incorporated into thinning 

treatments to help manage fuel loads or if other mechanisms of distributing the slash will 

have fewer impacts.  

We compared sites that had been treated six months and two and a half years prior 

to measurement to examine if mechanical mastication or thinning and burning slash piles 

affected the physical and chemical properties of soil, altered the abundance or community 

composition of AMF, and affected the cover and species composition of the understory 

plant community. Although pinyon pines rely on ectomycorrhizal fungi and generally do 

not form associations with AMF, junipers and many dominant understory native plants in 

this area rely on AMF (Haskins and Gehring 2005). We predicted that slash pile burning 

would have significant impacts on soil properties due to the burning of large fuel loads 

and the long residence time of the resulting fire. We expected that mastication would 

increase soil moisture and decrease soil temperature due to the addition of wood chips, 

and increase soil bulk density due to soil compaction from the use of heavy equipment. 

We also predicted that both slash pile burning and mastication would reduce both AMF 
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propagules and understory plant abundance and species richness, but that these effects 

would be greater in pile burns due to the effects of long duration high soil temperatures. 

METHODS 

Study sites  

This study was conducted in the San Juan National Forest of southwestern 

Colorado (37˚44’ N, 108˚52’ W), USA in pinyon juniper (Pinus edulis Engelm, 

Juniperus osteosperma (Torr.) Little) woodlands. The mean annual precipitation (MAP) 

is 480 mm and the mean annual temperature is 8.9ºC (years 1948 to 2004; WRCC 2004). 

Monsoonal rains occur in late July and August and rain and snowfall throughout winter. 

Precipitation varies from year to year and droughts are common. Sampling was 

conducted in two years with above average precipitation: in 2005 (MAP=520 mm) and in 

2006 (MAP=540 mm (vegetation data only)). Other common native plants in this area 

include Gambel oak (Quercus gambelii Nutt.), mountain mahogany, (Cercocarpus 

montanus Raf.) serviceberry (Amelanchier utahensis Koehne), squirrel tail (Elymus 

elymoides (Raf.) Swezey) and blue grama (Bouteloua gracilis (Willd. ex Kunth) Lag. ex 

Griffiths). This area has been exposed to cattle grazing and fire-suppression since the 

early 1900s, although grazing has been managed since 1985 in order to avert resource 

deterioration (Ramsey 2003). Also, this area has recently seen increasing pinyon 

mortality due to drought and infestations of pinyon bark beetle (Ips confusus) (Todd 

Gardiner: USDA Forest Service, CO personal communication). 

 Our study compared treatments of mastication and slash pile burning to intact 

untreated plots within wildland-urban interfaces. The USDA Forest Service and USDI 

Bureau of Land Management conducted thinning treatments in order to reduce approximately 
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40-60% of overstory coverage near homes and archaeological sites. Both treatments were 

conducted in a somewhat random fashion leaving mosaics of treated canopy openings 

averaging 15 m2 in size. Trees with a diameter at breast height > 25 cm and healthy pinyons 

were left intact. Slash pile burning involved cutting trees with hand-held chainsaws, piling 

slash around tree stumps and burning, resulting in charred areas of up to 6 m2. Pile burns 

were often less than 10 m apart and there can be up to 30 in an area less than 0.8 km2. 

Mastication created jagged cut stumps to ground level and randomly scattered mulched 

material ranging from < 2 cm to 15 cm in size, in areas up to 12 m2. Litter depth was 

measured in three locations for each of the 25 mastication plots per site (site description 

below) and was heterogeneous with some areas having no litter while others had litter with a 

maximum depth of 4 cm. Although treated areas generally were interspersed with small plots 

of intact canopy, there were some areas of overlap between treated areas. For example, some 

pile burns shared the same thinned areas between them with no canopy cover.  

 Three sites were examined for this study and designated as Trt yr 2005, Trt yr 2003-A 

and Trt yr 2003-B (Table 1). Each site had 25 plots of untreated intact-forested areas and 25 

plots of either mastication and/or slash pile burn treatments. The first site (Trt yr 2005) 

included treatments conducted in February 2005 consisting of mastication, slash pile burns 

and untreated plots (n=25) within a ~ 2 x 1 km area. At this site, all three treatments were 

found in areas with comparable soil and vegetation. Treatments conducted in February 2003 

could not be found on the same soil; therefore they were examined at two different sites, each 

with its own control. The first of those two sites (Trt yr 2003-A) included pile burns and 

untreated plots in an area approximately 1 x 1 km. The second site (Trt yr 2003-B) included 

mastication and untreated plots in an area roughly 2 x 1 km.  
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Plot selection for the site Trt yr 2005 included almost all available pile burns and 

mastication treatments with four treatments of each type not included due to large differences 

in size relative to the remaining plots. For both sites treated in 2003, 25 plots were chosen 

randomly from approximately 35 treatments. All untreated plots were randomly chosen from 

each of the three sites and were selected if they had similar elevation, slope, soil, overstory 

tree canopy cover and relative plant species cover as the treatment plots. Canopy cover 

estimates were determined using a vertical densitometer using a modified procedure 

described by Stumpf (1993). Five readings of tree canopy were taken from the center of each 

potential plot and sites were not chosen if cover was greater than 75%. Aerial photographs 

were compared between before and after treatments and untreated areas in order to illustrate 

similarity between pre-treated and untreated sites. 

Soil Sampling and Analyses  

 Soil moisture, temperature, bulk density and aggregate stability were measured in all 

plots to determine if treatments changed the physical properties of soil. In August 2005, three 

mineral soil (0-15 cm) samples were collected and composited from each plot with a soil 

core (3 cm diameter x 15 cm length) within a 1 x 1 m frame (also used to estimate plant 

cover) inside each plot. The frame was placed in the center of each plot with a minimum of 

30 cm buffer zone between the frame and the edge of the treatments. A portion of this soil 

was either refrigerated at 4˚C or frozen for analysis. Gravimetric soil moisture was 

determined from the weight change of soil before and after drying in an oven at 105˚C for 

three days (Carter 1993). Soil temperature was measured at a depth of 10 cm with a Digi-

sense type K thermocouple field thermometer (Eutech instruments) and recorded in the field. 

Bulk density of soil was assessed by taking a core of soil of a known volume (14.847cm3) 
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from each plot and drying it at 60˚C for 3 days. Density was calculated by dividing the dry 

weight of each soil core by the known volume of soil (Brady and Weil 1999). Soil aggregate 

stability was determined by using a slake-test kit (Synergy Resource Solutions, Inc. 

Bozeman, MT), which measures the amount of structural integrity of soil peds lost after 

immersion in water for six time periods. The range is from 1 (unstable soil) to 6 (very stable 

soil) (Herrick 2000). The soil stability ranges were averaged into three classes instead of six 

for simplicity (high (5-6), medium (3-4) and low (1-2) stability). This method was used for 

surface soils and for soil 10 cm in depth. Both bulk density (a compaction measure) and soil 

aggregate stability (an erosibility measure) were assessed to determine if treatments caused 

soil disturbances.  

Soil pH and soil nutrient status were measured to determine if treatments altered 

soil chemical characteristics. Soil pH was measured using the 0.01 M calcium chloride 

method (Carter 1993) with an Orion 550A pH meter (Thermo electron corporation, 

Beverly, MA). Concentrations of nitrate and ammonium (NO3
−, NH4

+) were measured by 

collecting field soil and mixing with 2 M KCl (Carter 1993). Solutions were then filtered 

and concentrations of NO3
− and NH4

+ were determined on a Lachat AE Flow Injection 

Autoanalyser (Lachat Instruments, Inc., Milwaukee, Wisconsin, USA), using the 

indophenol-blue (Lachat Instruments, Inc., 1990) and cadmium reduction (Lachat 

Instruments, Inc., 2003) methods.  
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Analyses of Arbuscular Mycorrhizal Fungi  

The abundance, species richness and species composition of AMF spores were 

assessed because spores are one of the major propagules produced by mycorrhizal fungi.  

From each plot, a random sub-sample of 10 soil samples were selected for spore analysis. 

From each homogenized soil sample, 25 g of soil was used for AMF spore extraction 

using the sucrose centrifugation method (Johnson et al. 1999). Spores were mounted onto 

slides, examined with a compound microscope (magnification of 100-400x) and 

identified to morphospecies when possible using Schenck and Perez (1990) and INVAM 

(http://invam.caf.wvu.edu/). Species richness and spore abundance were calculated for 

each sample. Spore biovolume also was calculated to account for variation in observed 

spore sizes using V = 1/6πD for spherical spores or V = 1/6πHL for elongated spores, 

where H equals the smaller dimension and L equals the longer dimension (Wolf et al. 

2003).  

The length of extramatrical mycorrhizal hyphae (EMH) in the soil was measured as 

a second indicator of AMF propagule abundance that does not depend on sporulation. 

EMH density is strongly correlated with soil stability (Miller and Jastrow 1992). EMH was 

measured on a random sub-sample of 15 plots from each treatment using a modified 

version of the EMH extraction protocol of Staddon et al. (1999). From frozen field soil, 

1.2-1.5 g of soil were thawed, mixed with water in a blender and a portion of the solution 

was passed through 0.45 µm filters in order to capture the hyphae which were mounted 

onto microsope slides. The grid-line intercept method was used to assess EMH density 

through a compound microscope using observations of 50 grids per filter. These data were 
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converted to hyphal lengths per dry mass of soil according to Tennant (1975) and Miller 

and Jastrow (1992). 

To determine if thinning treatments affected mycorrhizal inoculum potential 

(MIP) when compared to the untreated plots, a greenhouse bioassay experiment was 

conducted from September 2-25, 2005. The MIP method simultaneously measures 

several AMF inoculum sources (spores, hyphae and/or mycorrhizal roots) from field 

collected soil (Brundrett et al. 1996). In August 2005, one intact soil core (4 cm diameter 

x 10 cm length) was collected from each plot, for a total of 175 cores. Two organic Zea 

mays (maize) seeds (surface sterilized in a 10 % bleach solution) were planted in each 

core. After seed germination, plants were reduced to one plant per core. Plants were 

grown in a greenhouse with natural sunlight and dark cycles and a temperature range of 

65-75°C for three weeks. They were watered every other day but were not provided with 

supplemental nutrients. Plants were harvested and shoots were separated from roots and 

dried in an oven for 3 days at 60˚C and intact cores were frozen until roots could be 

separated. Roots were rinsed and small random subsamples of fine roots were separated 

from the main bulk, weighed and frozen for subsequent analysis of AMF colonization. 

The remainder of the roots were dried and the root and shoot weights were recorded. The 

root sub-samples were cleared in 10 % KOH and stained by the ink and vinegar method 

using blue Shaeffer ink (Vierheilig et al. 1998). Percentage mycorrhizal colonization in 

roots was measured on each plant using the grid-line intersect method (McGonigle et al. 

1990). The total colonization of AMF, dark septate fungi and other fungi in plant roots 

were assessed, as well as quantifying the functional AMF structures in the roots, such as 

vesicle (lipid storage), arbuscules plus coils (nutrient exchange sites), spores and hyphae 
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(McGonigle et al. 1990). Coils were added to arbuscule counts because they are believed 

to have the same function as an arbuscule. 

Plant Communities  

Plant cover was measured in August 2005 and August 2006 to observe if 

treatment or time altered understory plant communities. Plant cover was measured over 

two years: six months post treatment and one and a half years post treatment for the first 

site (Trt yr 2005) and two and a half years and three and a half years post treatment for 

the second sites (Trt yr 2003-A and Trt yr 2003-B). Total plant, litter, bare ground, 

functional groups (herbaceous, graminoid, shrub and exotic) and individual species cover 

were estimated by 7 coverage classes: 0 = <1%, 1 = 1-5%, 2 = 5-25%, 3 = 25-50%, 4 = 

50-75%, 5 = 75-95%, and 6 = 95-100% in a 1 X 1 m frame, a modified method from 

Daubenmire (1959). One frame was placed in the middle of each plot for a total of 175 

frame measurements. Midpoints of the cover classes were used to calculate average 

coverage estimates for each treatment.  

Plants were identified to species in the field or collected in a plant press and 

identified to species at the Deaver Herbarium at Northern Arizona University, or at the 

USDA Rocky Mountain Research Station herbarium. Scientific nomenclature follows the 

PLANTS Database (http://plants.usda.gov) and reference specimens were stored at the 

Rocky Mountain Research Station, Flagstaff, AZ USA. Plant cover, richness and cover 

by functional group were compared among treatments. To determine if treatments 

affected exotic plant cover or richness, the native or exotic status of plants in Colorado 

was determined using Hartman and Nelson (2001). 
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Statistical analyses  

All three treatment sites were analyzed separately due to differences in soil, 

elevation and plant cover. The statistical software program JMP for Windows 5.1.2 

(2004) was used to analyze all data (except for community composition) and significance 

was measured at the 0.05 probability level. The Shapiro-Wilks test was used to check for 

normality for all dependent variables and homogeneity of variances was analyzed by the 

Levene’s test (Delvin 2004). If variables met these assumptions, one-way ANOVAs were 

used to test for differences in response variables across treatments. The Post hoc Tukey-

Kramer HSD test was used to identify which treatments were significantly different. If 

variables failed to meet these assumptions, transformations were applied or the 

nonparametric Kruskal-Wallis test was used, followed by Kolmogorov-Smirnov pair-

wise tests (Sokal and Rohlf 1995). The Kruskal-Wallis test was also used for the soil 

stability data, because it is categorical. A Chi-square statistic and p-value revealed the 

significance of this test. MANOVAs (multivariate analysis of variance) were used on 

MIP bioassay results. If a MANOVA was significant, individual one-way ANOVAs were 

used to reveal individual differences among variables. Plant data were compared with 

two-way MANOVAs (with time and treatment as independent variables) and if 

significant then one-way ANOVAs were used to test for individual differences among 

treatments or years.  

The statistical package PC-ORD 4.02 (McCune and Medford 1999) was used to 

examine community-level differences. Multi-response permutation procedures (MRPP) were 

used to determine if the plant and AMF spore communities were different among treatments. 

The “A” statistic is given as a descriptor of within-group similarity compared to random 
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expectation. An A value greater than 0.1 is considered significant for community data 

(McCune and Medford 1999). In order to visualize the differences in communities across 

treatments, NMS ordinations were created for both the plant and AMF communities in PC-

ORD. The axes have no meaning except to show how similar or dissimilar each community 

is in environmental space (McCune and Grace 2002). Indicator species analysis was used to 

determine if any species were the main sources of these differences only if the MRPP 

analyses first detected significant differences between treatments. Indicator species were 

significant if they had an indicator value (frequency x relative abundance) > 25 and a p<0.05. 

RESULTS 

Soil properties  

Mastication and pile burning had different effects on soil properties relative to 

controls six months following treatment (Table 2-A). Soil in the mastication treatments 

had lower temperatures and higher moisture than pile burns or untreated plots. Soil 

moisture was lowest in the pile burns. Soil pH and concentrations of NO3
−and NH4

+ were 

significantly higher in the pile burns than the masticated and untreated plots. 

Concentrations of NO3
− were up to eight times greater and NH4

+ three times greater in 

pile burns than untreated plots. There were no significant differences in bulk density 

between treatments.  

Two and a half years post treatment, soils from the pile burns followed the same 

trend as observed in the plots six months post treatment (table 2-B). Again, pile burns had 

significantly higher temperature, pH, and concentrations of NO3
− and NH4

+ than soils in 

the untreated plots. However, after two and a half years, pile burns also had significantly 

lower soil moisture and bulk density than the untreated plots. Nitrogen concentrations 
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were approximately four times greater in burned plots than untreated plots. Similar to six-

months post treatment, lower soil temperature was also observed in the mastication plots 

two years post treatment. Unlike six-month post treatment, concentrations of NH4
+ were 

higher in mastication than untreated plots and there was no significant difference in soil 

moisture between mastication and untreated plots (table 2-B, Site B).  

Pile burns had significantly lower surface soil aggregate stability six months post 

treatment than both mastication and untreated plots (Chi2 = 21.9, p<0.01) (fig. 1). Pile 

burns had about 80 percent of the slake-test counts in the ‘low-stability’ scale value. We 

observed similar patterns two and a half years post treatment (data not shown), with no 

significant differences between mastication (median: 3, range: 4) and untreated (median: 

4, range: 5) plots (Chi2 = 3.3, p= 0.65).  Soil from pile burns had lower surface soil 

aggregate stability (median: 1, range: 2) than soils from untreated (median: 2, range: 4) 

plots (Chi2 = 16.1, p< 0.01). There were no significant differences among treatment 

groups in soil aggregate stability at 10 cm soil depth in either treatment year (trt year 

2005: mastication: median: 4, range: 4; pile burns: median: 3 range: 5; untreated: median: 

4 range: 4, Chi2 = 4.6, p= 0.09; trt year 2003 site A: Pile burns: median: 4, range: 4; 

untreated: median: 4, range: 4; Chi2 = 2.5 p= 0.11; site B: mastication: median: 3, range: 

4; untreated: median: 4, range: 5, Chi2 = 0.32 p= 0.57).   

Arbuscular Mycorrhizal Fungi Response 

AMF propagule abundance and MIP  

Six months post treatment, pile burns differed from untreated and mastication 

plots in several measures of AMF propagule abundance. Mean EMH density, AMF spore 

abundance, and AMF spore biovolume were all significantly lower in the pile burns than 
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in the mastication or untreated plots (table 3-A). Burned plots had approximately half of 

the EMH density, five times lower spore abundance, and twelve times lower AMF spore 

biovolume than the untreated plots.    

Two and a half years post treatment, EMH density and spore biovolume were 

significantly lower in pile burns, but to a lesser degree than in the six months post 

treatment plots (table 3-B, Site A). Spore abundance did not significantly differ between 

pile burns and untreated areas. Also, there were no significant differences between 

mastication and untreated plots for EMH density and AMF spore abundance. AMF spore 

biovolume was significantly greater in untreated plots than mastication plots (table 3-B, 

Site B). 

Consistent with the other propagule (EMH and spores) densities described above, 

results from the MIP experiment indicated that total percent AMF colonization was more 

than 50% lower in maize roots grown in soils from pile burns than in soils from untreated 

or mastication plots six months post-treatment: Wilk’s Lambda = 2.3, p = 0.02 (Table 4-

A). Percent colonization of arbuscules, the organ through which materials are exchanged 

between host plants and AMF, was significantly lower in the pile burns. Colonization by 

vesicles did not differ significantly among treatments (table 4-A). Dry shoot biomass and 

total biomass of maize plants were significantly greater in the soil from pile burns than 

mastication and untreated plots, but there were no significant differences among groups 

in dry root biomass or root: shoot ratio. For all roots in all treatments the amount of 

colonization by non-AMF fungi and dark septate fungi was less than 3 % and therefore a 

small component of total fungal colonization of roots.  
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For two and a half years post treatment, there were no significant differences in 

MIP responses between the mastication and untreated plots (MANOVA Wilk’s Lambda 

= 0.75, p = 0.1), consequently one-way ANOVAS were not performed (table 4-B, Site 

B). Maize roots grown in soils from pile burns did not significantly differ in total percent 

AMF colonization and percent vesicles from the untreated plots. However, maize roots 

grown in soils from untreated plots had significantly more arbuscules than roots from pile 

burns. Maize plants responded similarly to pile burns as observed six months post 

treatment: Wilk’s Lambda = 8.2, p<0.01 (table 4-B, Site A). No significant differences 

were found between dry root biomass or root: shoot ratios, however dry shoot biomass 

and total biomass were significantly higher in soil from pile burns than in soil from 

untreated plots.  

AMF spore richness and community composition 

The burned plots had less than half of the AMF morphotype species richness 

found in masticated or untreated plots six months post treatment (table 3-A). A total of 23 

morphospecies from six genera were identified six months post treatment (table 5). The 

most abundant species was Glomus aggregatum which was found in 29 of the 30 plots. 

All six described genera of AMF were represented in the mastication and untreated plots, 

but only three were found in the pile burns. Also, only smaller species of spores (<110 

µm) were found in the pile burns while spores greater than 410 µm were found in both 

mastication and untreated plots. Two unique species were found in the mastication plots 

and three were found in the untreated plots (table 5). An ordination illustrating spore 

morphotype community differences from six months post treatment is illustrated in fig. 2. 

The pile burn communities (represented as dark circles) are mostly disjunct and the 
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MRPP (A=0.15, p<0.01) indicates that they have a different community make-up from 

the other two. A significant indicator species for mastication was G. mosseae (p<0.01) 

and indicator species for untreated plots were G. aggregatum (p=0.03), G. fasciculatum 

(p<0.04), G. constrictum (p=0.01) and S. calospora (p=0.03) (table 5, fig. 3). There were 

no indicator species for pile burns and they contained less than half of the morphospecies 

and spore densities of the other treatments (table 5).  

 The burned plots had significantly lower AMF morphotype species richness 

compared to untreated plots two and a half years post treatment (table 3-B, Site A). 

Eighteen morphospecies from six genera were identified from site A (pile burns and 

untreated (appendix 1-A). Again, the most abundant species was G. aggregatum which 

was found in all plots. Some larger spores (>110 µm) were found in the pile burns two 

years post treatment, but the pile burns contained seven fewer species than the untreated 

areas (appendix 1-A). There were also community composition differences between pile 

burns and untreated plots two and a half years post treatment (A = 0.13, p<0.01). 

Indicator species for the untreated plots were: G. fasciculatum (p=0.01), G. ambisporum 

(p<0.01) and G. geosporum (p=0.01); the indicator species for pile burns was G. mosseae 

(p<0.01). Species unique to this site in the untreated areas were: Glomus etunicatum 

Becker & Gerdemann and an unknown species from the genus Acaulospora.  

Mastication plots had significantly less AMF morphotype species richness than 

untreated plots two and a half years post treatment (table 3-B, Site B). Sixteen 

morphospecies from six genera were found from site B (mastication and untreated). Both 

mastication and untreated plots contained six spore genera and approximately the same 

spore-size range (appendix 1-B). There were no significant community composition 
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differences between mastication and untreated plots (A= 0. 89, p<0.01), although, an 

NMS ordination close to 0.1 suggested a trend. Three species were unique to Site B, two 

unknown species of Glomus from the untreated plots and Glomus rubiforme (Gerd. & 

Trappe) Almeida & Schenck from a mastication plot. 

Plant cover  

Plant cover was measured during two growing seasons for both treatment years: 

six months and one and a half years post-treatment for thinning treatments implemented 

in 2005 (Trt yr 2005) and two and a half years and three and a half years post-treatment 

for thinning treatments initiated in 2003 (Trt yr 2003). No significant differences were 

found between the two years of sampling for both six months and one and a half years 

post-treatment, (Table 6-A) and all treatment by year interactions were non-significant (p 

> 0.05). Pile burns had lower total plant cover and plant cover within all functional 

groups than mastication and untreated areas which were similar to one another (Table 6-

A). Mastication plots had higher litter cover and lower rock cover than pile burns and 

untreated plots. 

Similar results were observed in Trt yr 2005 plots (Table 6-B).  Again, there were 

no significant treatment by year interactions (p > 0.05) and no significant differences 

between the two years of sampling, although there was a trend of increased forb cover 

three years post-treatment (p=0.07). Pile burns had an average of < 5% plant cover and 

almost 80 % bare ground for both two and three years post treatment. Pile burns had 

lower graminoid, forb and shrub cover and higher exotic species cover than untreated 

plots. Mastication plots had more total plant cover, higher graminoid, exotic species, and 
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litter cover and less bare ground than untreated plots. There were no significant 

differences between mastication and untreated plots in forb and shrub cover (Table 6-B). 

Plant richness and community composition 

Pile burns had significantly lower total (F=169.51, p<0.01), native (F=151.21, 

p<0.01) and exotic (F=23.81, p<0.01) plant species richness than mastication and 

untreated plots both six months and one and a half years following treatment (Fig. 4-A 

and B). Pile burns had approximately eight times less mean plant richness than untreated 

or mastication plots for both treatment years. Pile burns had the greatest percentage of 

exotic species with 80-89 % of mean plant richness consisting of exotic species. Four out 

of the five species found in the pile burns six months post treatment were exotic and 

seven out of the eight species found one and a half years post treatment were exotic 

(Appendix 2-A). The number of exotic plant species increased from six months to one 

and a half years post treatment (F=6.43, p=0.01), but overall plant richness (F=1.89, 

p=0.17) and native plant richness (F=0.01, p=0.93) did not change with time.  

Most of the plant community was found in mastication and untreated plots. A 

total of 47 plant species from 18 plant families were found across treatments six months 

post treatment and 12 of these were exotic (Appendix 2-A). Pile burns only had five plant 

species and four of them were exotic species. Some of the most abundant native species 

in untreated and mastication plots included B. gracilis, E. elymoides and Penstemon 

linarioides A. Gray spp. coloradoensis (A. Nels) Keck. The most abundant exotic species 

overall was Bromus tectorum L. A total of 48 plant species from 18 plant families were 

found across treatments one and a half years post treatment, with a loss of three species 

and a gain of four new species over time (Appendix 2-A). Thirteen of these species were 
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exotics. Ten plant species were found in the pile burns and seven of them were exotic 

species. Community analysis was not used for this treatment year because of the small 

sample size in pile burns (only five to nine out of 25 had plant cover).  

Pile burns had lower total (F=199.35, p<0.01) and native (F=299.48, p<0.01) 

plant species richness and greater exotic (F=8.2, p=0.01) richness relative to untreated 

plots two and a half years following treatment (fig. 5-A). Pile burns had approximately 

five times less mean plant species richness than untreated or mastication plots for both 

treatment years. Eighty percent of species richness in pile burns consisted of exotic plant 

species two years post treatment. The same pattern was observed three and a half years 

post treatment and there were no significant differences between sampling years: total 

richness for pile burns = 1.04 ± 0.2; untreated = 5.4 ± 0.4 (F-year=1.83, p=0.18), mean 

exotic richness for pile burns = 0.92 ± 0.18; untreated = 0.4 ± 0.16 (F-year=5.4, p=0.02) 

and mean native plant richness for pile burns = 0.12 ± 0.7; untreated = 5.0 ± 0.4 (F-

year=0.08, p=0.77). 

Mastication plots had greater total (F=38.04, p<0.01) plant richness and both 

native (F=17.57, p<0.01) and exotic (F=20.87, p<0.01) species richness relative to 

untreated plots two and a half years following treatment (fig. 5-B). Mastication plant 

richness consisted of 12 % exotic species and untreated plant richness consisted of 7 % 

exotic species.  The total number of plant species on mastication and untreated plots did 

not change with time, but the number of exotic species increased significantly over time 

in mastication plots (mean total richness for mastication = 7.44 ± 0.37; untreated = 5.2 ± 

0.29 (F-year=0.66, p=0.42), mean exotic richness for mastication = 1.3 ± 0.16; untreated 
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0.52 ± 0.14 (F-year=4.31, p=0.04) and mean native plant richness for mastication = 6.1 ± 

0.39; untreated 4.7 ± 0.27 (F-year=0.003, p=0.95). 

 Pile burns had a significantly different plant community composition than 

untreated plots both two and a half and three and a half years post treatment (two and a 

half years post treatment: A = 0.14, p<0.01; three and a half years post treatment: A = 

0.16, p<0.01: Fig. 6-A and B). A total of 28 (two and a half years post treatment) and 29 

(three and a half years post treatment) plant species from 13 families were found and 

seven of these were exotic species (Appendix 2-B). Less than half of the plant species 

were found in pile burns and five out of seven were exotic species two years post 

treatment and seven out of the nine species were exotic species three years post 

treatment. Some of the most abundant native species were C. montanus, Alyssum simplex 

(Rudophi) and P. linarioides spp. coloradoensis. The most abundant exotic species were 

Sisymbrium altissimum L. and Carduus nutans L.  

 Significant indicator species were found for both pile burns and untreated plots 

for both two and a half and three and a half years post treatment (Fig. 7-A and B). 

Indicator species for pile burns were the same for both years and both were exotic species 

(S. altissimum (p=0.04) and C. nutans (p<0.01)). Indicator species for untreated plots two 

and a half years post treatment were P. linarioides spp. coloradoensis (p=0.01) and A. 

simplex. (p=0.01). Along with these species, five additional indicator species were found 

for the untreated plots three and a half years post treatment; all were native species: 

Cercocarpus montanus (p<0.01), Elymus elymoides (p=0.02) Physaria acutifolia Var. 

acutifolia (p=0.02), Ipomopsis aggregata ssp.aggregata (p<0.01) and Machaeranthera 

gracilis (p<0.01) (Fig. 7-B).  
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Plant community composition did not differ significantly between mastication and 

untreated plots both two and a half and three and a half years post treatment (A=0.07, 

p<0.01 for both years). Although mastication plots had four to six more exotic species 

and differences in total richness and abundance, these differences were not strong enough 

to make significant changes in the community (Appendix 2-C). A total of 41 species from 

20 families were found across treatments and sampling years. E. elymoides, A. simplex 

and Achnatherum hymenoides (Roemer & J.A. Schultes) Barkworth were some of the 

most common native species and S. altissimum and B. tectorum were two of the most 

abundant exotic species. Most exotic species across all sites and treatment years were 

annuals and most native plants were perennials (Appendix 2 A-C). 

DISCUSSION 

Effects of fuel treatments on soil properties 

Slash pile burning altered the physical and chemical properties of the soil in a 

manner consistent with the results of other studies. Even two and a half years post 

treatment, burnt slash piles left behind areas of consumed litter and duff, exposed mineral 

soil and a blackened soil color, characteristics observed following high-severity burns 

(Chuvieco et al. 2006). The differences we observed between burned and untreated sites 

were comparable to other studies that also found nutrient release (Covington et al. 1991, 

Korb et al. 2004, Seymour and Tecle 2005), increased soil pH (Korb et al. 2004) and 

changes in soil temperature and moisture (Iverson and Hutchinson 2002, Massman et al. 

2003) after long duration burning. The dark color and high exposure of the soils likely 

contributed to the higher soil temperatures and lower soil moisture in burned sites while 

the addition of consumed plant material as ash influenced nutrient concentration and soil 
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pH. Although we expected a decrease in soil bulk density with burning due to ash 

addition (Singer and Munns 2006), we observed this result only in the plots measured 

two and a half years post treatment.   

The changes in soil properties we observed with slash pile burning could be 

detrimental to soil and plant communities. Low soil stability increased the probability of 

soil erosion (Neary et al. 1999, Herrick 2000) and was negatively correlated with plant 

cover in arid ecosystems (Beever et al. 2006, Singer and Munns 2006). Additionally, soil 

erosion and exposed mineral soil benefited some opportunistic exotic plant species to a 

greater extent than native species (Vitousek 1990, D’Antonio and Meyerson 2002, 

Honnay et al. 2002, Sieg et al. 2003). High soil temperatures caused by pile burning can 

lead to reduced AMF abundance in the soil and on plant roots (Klopatek et al. 1988, 

Pattinson et al. 1999) and increased soil hydrophobicity (Neary et al. 1999). The high N 

concentrations following pile burning also could reduce AMF abundance and allocation 

to EMH (Corkidi et al. 2002, Johnson et al. 2003) and could benefit some exotic plant 

species, such as B. tectorum, more than natives (Yoshida and Allen 2004, Hunter and 

Omi 2006). An increase in the more ‘mobile’ forms of nitrogen following burning could 

also lead to nutrient loss through leaching (Certini 2005). The chemical and physical 

damage to soil caused by pile burning may be hard to reverse and could create lasting 

problems for native plant communities.  

As we predicted, mastication had a smaller effect on soil properties than slash pile 

burning. Only soil moisture and temperature differed significantly between mastication 

and untreated plots six months following treatment and only soil temperature and soil 

NH4
+ differed two and a half years post-treatment. The lower soil temperatures and 
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higher soil moisture associated with mastication are likely the result of reduced radiant 

heat gain and evaporation due the presence of woody debris (Brockway et al. 2002, 

Singer and Munns 2006). Increased soil moisture could be beneficial for both AMF and 

herbaceous plants in arid systems (Smith and Read 1997). Protection by wood chips from 

radiation, and resulting lower soil temperatures, could be beneficial to plants on hot days, 

but it could be harmful on cool nights because most roots function poorly at temperatures 

below 15- 20°C (Singer and Munns 2006). Higher soil NH4
+ following mastication was 

unexpected, as we predicated a decrease in available N due to microbial immobilization 

in response to extra carbon resulting from the addition of woody debris (Alpert and 

Maron 2000, Blumenthal et al. 2003).  We predicted that the use of hydro-mow 

equipment would cause soil compaction and/or erosion (Corns 1988), but bulk density 

and soil stability were similar between mastication and untreated plots. The lack of 

difference could be due to reduced soil erosion resulting from the presence of wood chips 

(Evans 1988). Also, treatments were conducted in the winter when snow-covered, frozen 

soils may have been more resistant to compaction. In addition, our method of sampling 

only a 1x1 meter area surrounding masticated trees may not have captured the entire 

disturbance caused by mastication. Although more study is needed to understand the 

impacts of mastication on soil properties, our results indicate mastication has fewer 

impacts than the burning of slash piles.   

Treatment affects on AMF propagule abundance and MIP 

Six months post-treatment, soils from the pile burn treatments had significantly 

lower AMF propagule abundance than soils from untreated or mastication treated plots 

based on three separate measurements – spore abundance, MIP and EMH density. These 
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data suggest that mastication had fewer short-term impacts on AMF propagule abundance 

than pile burning. These results also support previous studies showing a reduction of 

AMF propagules following pile burning or simulated fire (Klopatek et al. 1988, Pattinson 

et al. 1999, Korb et al. 2004). Reductions in AMF propagule abundance following 

burning could negatively affect understory plant growth by inhibiting AMF root 

colonization (Wilson & Hartnett 1998) and reducing plant performance (Allen 1991, 

Smith and Read 1997). Lower EMH density following burning also could contribute to 

the low soil stability we observed in burned plots (Tisdall 1994, Bethlenfalvay et al. 

1996). An unexpected result of the MIP experiment was the higher biomass of corn in 

pile burn soils despite lower levels of AMF colonization. We suspect that this result was 

due to the up to eight-fold greater nutrient concentrations found in soil from pile burns.  

AMF propagule abundance was consistently lower in pile burns compared with 

untreated and mastication treatments in the plots measured two and a half years post-

treatment. The marginally significant difference (p = 0.06) in spore abundance between 

pile burned plots and the other groups could be the result of dispersal of smaller AMF 

spores into burned plots by wind. These AMF species with small spores could also have 

helped equalize AMF colonization among groups in the MIP bioassay. The density of 

EMH remained lower in pile burns than the other two plots, providing a potential partial 

explanation for the persistently lower soil stability in pile burns. Although mastication 

generally had little impact on AMF abundance, soil from mastication plots had 

significantly lower spore biovolume than untreated plots two and a half years post 

treatment. This result indicated that mastication affected the size of spores, but not the 
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abundance of individual spores (table 3-B). Mastication may influence the rates of 

sporulation of particular species or the species composition of the site over time.  

In the MIP studies using soils from both six months and two and a half years post 

treatment, the root colonization by arbuscules (nutrient exchange sites) and hyphae was 

significantly lower in the pile burns while  there were no significant differences in the 

amount of vesicles (lipid storage structures) among treatments. This difference in 

allocation by fungi could mean that AMF from slash pile burns have lower mutualistic 

functioning from the plant viewpoint (Johnson et al. 2003) compared to AMF in the other 

treatments because arbuscules and hyphae can provide extra nutrients and water to the 

plant while vesicles benefit the fungus alone.  

Treatment effects on AMF spore richness and community composition 

The differences in AMF morphotype species richness and community 

composition between pile burns and mastication or untreated plots both six months and 

two and a half years post-treatment may be due to the high N concentration of burned 

soils. The most abundant spore morphotype in the pile burns (as well as the other 

treatments) six months post-treatment was G. aggregatum, a species more tolerant of 

nitrogen enrichment (Egerton-Warburton and Allen 1999). Soils from pile burns were 

missing genera of larger spores like Scutellospora and Gigaspora that decrease in high N 

soils and may fail to sporulate with nitrogen enrichment (Egerton-Warburton and Allen 

1999, Yoshida and Allen 2001). The indicator species for pile burns two years post-

treatment was G. mosseae, which also is known to be a more N-tolerant species (Yoshida 

and Allen 2001). Mastication had comparatively minor effects on AMF communities 

with only one observed difference relative to untreated plots, a slight decrease in AMF 
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species richness two and a half years post-treatment. The decline in AMF species 

richness and absence of some genera of AMF in burned plots could have detrimental 

effects on the plant community as AMF diversity can contribute to plant diversity (van 

der Heijden et al. 1998) and some native plants may benefit more from specific AMF 

species (van der Heijden et al. 1998, Stampe and Daehler 2003). 

Treatment effects on plant cover and composition 

Pile burned plots had dramatically lower plant cover in all functional groups than 

untreated or mastication plots, regardless of the length of time post-treatment (range 6 

mos to 3 yrs). These results conflict with management goals to increase understory plant 

cover and may contribute to soil erosion (Beever et al. 2006, Singer and Munns 2006). 

Pile burns had eight times less plant richness than untreated or mastication plots but the 

highest percentage (80-89%) of exotic plant species. These results are similar to other 

findings of reduced native plant cover (Korb et al. 2004) and increased exotic plants after 

slash pile burning (Dickinson & Kirkpatrick 1987, Haskins and Gehring 2004). An 

increase in some exotics plants, like B. tectorum could potentially alter fire regimes 

(Brooks et al. 2004) and increase soil erosion (Vitousek 1990, D’Antonio and Meyerson 

2002).  

Masticated plots had the most litter cover, no significant differences in overall or 

within plant functional groups cover compared to untreated plots both six months and one 

and a half years post treatment, yet they had more overall plant and graminoid cover than 

the untreated plots two and three years post treatment. These results conflict with other 

studies that found a decrease in understory plant cover with wood chip additions (Benson 

1982, Binkley et al. 2003). These results were also surprising to us due to the severe 
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alteration of aboveground biomass, but plants were able to grow in open patches and 

through the wood chips as early as six months post treatment. There were no differences 

in plant richness between mastication and untreated plots both six months and one and a 

half years post treatment; although the mastication plots had 8-10 % more mean exotic 

species richness than untreated areas. Mastication plots had greater plant species richness 

and exotic richness both two and a half and three and a half years post treatment 

compared to untreated plots. An increase in the especially invasive exotic plant species 

could create long-term negative ecosystem consequences that conflict with management 

goals (Vitousek 1990, D’Antonio and Meyerson 2002). 

Exotic plant species, soil disturbance and AMF 

Exotic plant species dominated the pile burn plots and increased significantly on 

mastication plots at our final census, suggesting that these fuel treatments could 

contribute to the spread of invasive plants. Over 50% of the exotic species we observed 

were considered ‘noxious weeds’ in one or more southwestern states, with the potential to 

negatively impact native plant communities (Sieg et al. 2003) (see spp with a * in 

Appendix 2). The most abundant exotic plant in our study was Bromus tectorum 

(cheatgrass), an especially problematic annual that establishes earlier in the growing 

season and thereby outcompetes many native plants species (Young et al. 1987). This 

prolific species of grass can become a persistent member of the plant community, 

providing continuous fine fuel that can increase fire frequencies (Young et al. 1987, 

D’Antonio and Meyerson 2002). Both thistle species we observed, C. nutans and C. 

vulgare are known to inhibit the growth of other plants due to large root systems that 

make them effective competitors for belowground resources (Zouhar 2002). Some of the 
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common exotic plant species resulting from fuels management, particularly pile burning, 

can alter fire regimes, deter native plants and increase soil erosion (Vitousek 1990, 

D’Antonio and Meyerson 2002), and thus have the potential to interfere with the initial 

goals of the fuels treatments.   

Several mechanisms could explain the high levels of exotic plant species, 

particularly in association with pile burns. Many exotic plant species such as cheatgrass, 

C. nutans, C. vulgare and can produce thousands of seeds that are readily dispersed by 

wind, vehicles or animals (Young et al. 1987, Zouhar 2002) and the disturbance 

generated with treatments could have facilitated seed dispersal (Vitousek 1990, 

D’Antonio and Meyerson 2002). In addition, the high nitrogen content of soils from pile 

burns can favor some exotic species (Yoshida and Allen 2001). Also, although many 

native plants rely on AMF, these fungi have been shown to both inhibit (Allen et al. 

1989) and facilitate exotic plant establishment (Callaway et al. 2004). Several of the 

exotic species observed in association with pile burns or mastication plots were either 

nonmycorrhizal (e.g.,  Salsola tragus and Sisymbrium altissimum) or facultatively 

mycorrhizal (B. tectorum, C. nutans and C. vulgare) (Pendleton and Smith 1983). Low 

abundance and diversity of AMF following the burning of slash piles is unlikely to be 

detrimental to these plant species.  Callaway et al. (2004) found that spotted knapweed 

(Centaurea stoebe L.) can indirectly benefit from native plant communities through its 

association with AMF. Both C. nutans and C. vulgare, common exotic species in our 

study, are members of the same plant family as spotted knapweed and could behave 

similarly. 
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Management and ecological implications 

 The burning of slash piles can contribute to soil loss, low plant cover, a reduction 

in AMF abundance and richness and the success of several exotic plant species. The 

disturbance caused to soil properties can deter native plant establishment and potentially 

benefit or attract exotic plants due to low species diversity (Tilman 1997), increased 

nitrogen concentrations (Yoshida and Allen 2001) and severe anthropogenic disturbance 

(Vitousek 1990, D’Antonio and Meyerson 2002). The disturbed habitat of the pile burns 

in combination with the invasive characteristics of some exotic plants could create a 

positive feedback for their success over natives. Soil loss, exotic plant cover and the 

altering of fire regimes by some exotic plants (Young et al. 1987, Brooks et al. 2004) 

may be causing more long term damage than if the forests were left unmanaged. We 

recommend alternative methods be used other than pile burning for ecosystem health and 

to prevent fires, or seeding pile burns with native plant seeds (Korb et al. 2003).  

 Mastication deviated less from untreated controls in measured soil properties, 

AMF communities and plant composition than pile burning. This was a small-scale study 

with no before and after treatment controls, so additional long-term experimental studies 

with mastication are needed. It is still unclear if this treatment will affect ecosystem 

function over time as the added wood chips begin to decompose and because of the 

significantly higher exotic plant cover. Yet, our results show, at least in the short-term 

that mastication is a preferred method over slash pile burning.  
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TABLES 

Table 1: Site descriptions - all soil is from the same parent material: sandstone and shale, 

but some differ in soil order and texture (Ramsey 2003). 

Trt yr 2005 Trt yr 2003-A Trt yr 2003-B

Plots Mastication, Burn, Untreated Burn, Untreated Mastication, Untreated

Elevation (m) 2175 2200 2073

Percent Slope 6 to 15 15 to 20 5 to 10

Soils

Loamy-skeletal, mixed, 
superactive, mesic Aridic 

Haplustalfs

Loamy-skeletal, mixed, 
mesic Aridic 
Haplustalfs

Loamy-skeletal, mixed, 
superactive, mesic Ustic 

Haplargids

Soil surface 
texture

brown stony fine sandy loam
brown stony fine sandy 

loam
dark brown very 

bouldery sandy clay loam
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Table 2: Mean (±1SE) properties of 0-15 cm mineral soil. Different letters indicate 

significant differences between means (Tukey-Kramer HSD p<0.05).  

A. Six months post treatment: Trt yr 2005 

Soil property Mastication Pile Burn Untreated F/χ
2
-statistic P

Temperature (ºC) 25.6 (0.5)
a

29.9 (0.3)
b

27.8 (0.4)
c

28.8 <0.01

Water content (% H2O g
-1

 soil) 9.1 (0.8)
a

4.1 (0.2)
b

5.3 (0.5)
b

33.4 <0.01*

Bulk density (g cm
-3

) 1.4 (0.04) 1.2 (0.05) 1.3 (0.06) 1.5 0.23

pH 6.4 (0.3)
a

7.1 (0.8)
b

6.5 (0.4)
a

χ
2
=48.9 <0.01

Ψ

NH4
+

 (mg N kg
-1

 soil) 21.2 (3.0)
a

52.0 (6.2)
b

10.2 (0.8)
a

29.5 <0.01*

NO3
-
(mg N kg

-1 
soil) 3.1 (38.2)

a
23.1 (67.0)

b
1.3 (10.2)

a
χ

2
=39.6 <0.01

Ψ

                                                                        Treatments 
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B. Two and a half years post treatment: Trt yr 2003 
 
 

Soil property Pile Burn Untreated F/χ
2
-statistic P

Temperature (ºC) 29.3 (0.3)
a

21.7 (0.3)
b

275.2 <0.01

Water content (% H2O g
-1

 soil) 4.8 (0.2)
a

7.5 (0.6)
b

16.9 <0.01

Bulk density (g cm
-3

) 1.2 (0.1)
a

1.4 (0.04)
b

5.1 0.03

pH 6.9 (1.1)
a

6.6 (0.7)
b

χ
2
=11.1 <0.01

Ψ

NH4 (mg N kg
-1

 soil) 74.4 (7.9)
a

19.3 (2.4)
b

44.4 <0.01*

NO
3- 

(mg N kg
-1 

soil) 63.8 (5.6)
a

14.2 (1.7)
b

71.2 <0.01

Soil property Mastication Untreated F/χ
2
-statistic P

Temperature (ºC) 24.3 (0.4)
a

26.6 (0.4)
b

17.5 <0.01

Water content (% H2O g
-1

 soil) 5.6 (0.3) 5.0 (0.3) 2.8 0.12

Bulk density (g cm
-3

) 1.5 (0.1) 1.6 (0.05) 0.2 0.69

pH 6.6 (0.6) 6.7 (0.6) χ
2
=2.7 0.1

Ψ

NH4 (mg N kg
-1

 soil) 15.8 (1.1)
a

12.4 (1.2)
b

4.4 0.04*

NO
3- 

(mg N kg
-1 

soil) 6.5 (0.9) 8.9 (2.7) 0.74 0.39*

Site B                                                   Treatments                       

Site A                                                   Treatments                       

 
 

*log-transformed data, Ψnon-parametric Wilcoxon test with medians (range) and Chi-

square statistic (χ2). 
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Table 3: Mean (±1SE) EMH density and spore abundance, biovolume and morphotype 

species richness for A) treatment year 2005 and B) treatment year 2003 site A and B.  

A. Six months post treatment: Trt yr 2005 

Response Mastication Pile Burn Untreated F P

EMH (M hyphae g
-1

 soil) 10.9 (0.9)
a

5.5 (0.8)
b

11.7 (1.1)
a

13.3 <0.01

Spore abundance (spores  g
-1

 soil) 29.0 (4.0)
a

5.7 (1.3)
b

31.4 (5.3)
a

13.1 <0.01*

Spore biovolume (x10
5
µm

3
 g

-1
 soil) 1.4 (0.1)

a
0.1 (0.03)

b
1.3 (0.2)

a
16.8 <0.01*

AMF species richness (species plot
-1

) 9.6 (0.7)
a

4.3 (0.5)
b

9.1 (1.0)
a

15.3 <0.01

Treatments

 
 
 
B. Two and a half years post treatment: Trt yr 2003 *log-transformed data 
 
 

Response Pile burn Untreated F-statistic P

EMH (M hyphae g
-1

 soil) 5.1 (0.5)
a

6.9 (0.7)
b

5.0 0.04

Spore abundance (spores  g
-1

 soil) 16.4 (3.9) 28.1 (4.4) 3.9 0.06

Spore biovolume (x10
5
µm

3
 g

-1
 soil) 1.7 (0.5)

a
3.8 (2.3)

b
9.2 <0.01*

AMF species richness (species plot
-1

) 5.0 (0.5)
a

8.2 (0.6)
b

16.6 <0.01

Response Mastication Untreated F-statistic P

EMH (M hyphae g
-1

 soil) 8.2 (0.5) 9.3 (0.7) 1.75 0.19

Spore abundance (spores  g
-1

 soil) 21.9 (6.3) 32.0 (3.7) 2.1 0.18

Spore biovolume (x10
4
µm

3
 g

-1
 soil) 6.6 (4.0)

a
10.8 (3.5)

b
6.1 0.02

AMF species richness (species plot
-1

) 6.7 (0.5)
a

8.4 (0.6)
b

4.6 0.046

Site B                                                          Treatments

Site A                                                          Treatments
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Table 4: Mycorrhizal Inoculum Potential Bioassay results: Mean (±1SE) Zea mays 

response and AMF colonization. A) Treatment year 2005 B) Treatment year 2003, site A 

and site B 

A. Six months post treatment: Trt yr 2005  

Response Mastication Pile Burn Untreated F-statistic P

Shoot wt (g) 0.28  (0.01)
a

0.33 (0.03)
b

0.23 (0.01)
a

10.04 <0.01

Root wt (g) 0.26 (0.01) 0.28 (0.02) 0.24 (0.02) 1.1 0.35

Root:shoot 0.92 (0.03) 0.89 (0.1) 1.04 (0.04) 1.7 0.19

Total wt (g) 0.54 (0.02)
a

0.61 (0.04)
b

0.47 (0.03)
a

5.89 0.01

AM colonization (%) 25.3 (3.3)
a

11.0 (2.4)
b

26.7 (4.5)
a

6.9 <0.01

Arbuscules (%) 4.7 (0.8)
a

0.8 (0.3)
b

5.3 (1.1)
a

8.5 <0.01

Vesicles (%) 1.9 (0.6) 0.6 (0.3) 2.7 (0.8) 3.3 0.06

                                                Treatments
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B. Two and a half years post treatment: Trt yr 2003 
 
 

Response Pile burn Untreated F-statistic P

Shoot wt (g) 0.38 (0.02)
a

0.28 (0.02)
b

14.28 <0.01

Root wt (g) 0.31 (0.02) 0.26 (0.02) 2.97 0.09

Root:Shoot 0.81 (0.04) 0.93 (0.05) 3.87 0.06

Total wt (g) 0.67 (0.04)
a

0.54 (0.03)
b

8.89 0.01

AM colonization (%) 14.5 (2.4) 21.0 (3.0) 2.88 0.11

Arbuscules (%) 1.4 (0.5)
a

4.0 (0.8)
b

7.76 0.01

Vesicles (%) 0.7 (0.3) 1.3 (0.4) 1.34 0.26

Response Mastication Untreated F-statistic

Shoot wt (g) 0.24 (0.01) 0.25 (0.02) NS

Root wt (g) 0.23 (0.02) 0.22 (0.02) NS

Root:Shoot 0.94 (0.02) 0.88 (0.01) NS

Total wt (g) 0.46 (0.03) 0.45 (0.3) NS

AM colonization (%) 17.2 (2.4) 20.3 (3.1) NS

Arbuscules (%) 2.8 (0.6) 4.2 (1.0) NS

Vesicles (%) 0.9 (0.3) 1.1 (0.6) NS

 Site A                              Treatments                        

Site B                               Treatments                         
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Table 5: Treatment year 2005: AMF spore morphotype species list with mean spore size, density and percent relative abundance (n = 
10) 

Morpho-species

Mean 
spore size 

(µm)

Mean Spore 

density (spores g
-1 

soil)

Relative 
abundance 

(%)

Mean Spore 

density (spores g
-1 

soil)

Relative 
abundance 

(%)

Mean Spore 

density (spores g
-1 

soil)

Relative 
abundance 

(%)

A. laevis Gerdemann & Trappe 280 0.08 0.4
Ar. trappei  (Ames & Linderman) Morton & 
Redecker 42 0.79 3.2 0.6 9.7 0.60 3.3

G. aggregatum  Schenck & Smith 65 12.00 38.1 2.4 46.8 17.03 49.4

G. ambisporum  Smith & Schenck 102 0.99 3.8 0.4 5.8 1.09 4.1

G. cerebriforme  - like 25x40 0.08 0.3 0.1 0.7 0.06 0.2

G. constrictum  Trappe 210 0.06 0.1 0.36 1.8

G. fasciculatum  (Thaxter) Gerd. & Trappe emend. 
Walker & Koske 50x75 2.85 9.7 0.0 0.9 3.33 11.0

G. geosporum  (Nicol. & Gerd.) Walker 210 0.38 1.6 0.22 0.9

G. intraradices  Schenck & Smith 88 1.70 9.3 0.1 0.5 1.27 4.8

G. leptotichum Schenck & Smith 90 0.10 0.8

G. microaggregatum  Koske, Gemma & Olexia 33 5.43 19.7 1.3 19.6 5.49 17.1

G. microcarpum  Tulasne & Tulasne 35 0.28 0.9 0.2 4.8 0.06 0.3

G. mosseae  (Nicol. & Gerd.) Gerd. & Trappe 110 2.48 7.6 0.6 8.9 0.18 0.9

       Pile burn     Mastication      Untreated
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Gi. albida  Schenck & Smith 45 0.08 0.3 0.02 0.1

Gi. gigantea  (Nicol. & Gerd.) Gerd. & Trappe 410 0.53 2.1 0.34 1.3

P. occultum  (Walker) Morton & Redecker 31 0.40 1.0 0.1 2.3 0.24 1.0

S. calospora  (Nicol. & Gerd.) Walker & Sanders 320 0.06 0.2 0.30 0.8

S. pellucida  (Nicol. & Schenck) Walker & Sanders 228 0.14 0.6 0.22 0.9

Unknwn Acaulospora  #1 140 0.24 1.3 0.10 0.3

Unknwn Gigaspora  #1 245 0.02 0.2 0.12 0.4

Unknwn Glomus  #1 120 0.02 0.0

Unknwn Glomus  #2 130 0.02 0.2

Unknwn Glomus  #3 75 0.04 0.1  
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Table 6: Mean (±1SE) plant and litter cover and cover by plant functional groups for A) six-months and 1.5 years post treatment and 

B) two and three years post treatment. Different letters indicate significant differences between treatments within a year. No 

significant treatment by year interactions were found p>0.05. 

A. Six-months (collection 2005) and one and a half years (collection 2006) post treatment 

Response Mastication Pile Burn Untreated Mastication Pile Burn Untreated F-Treat. p-Treat. F-year p-Year

Plant 46.8 (5.3)
a

0.5 (0.2)
b

49.3 (5.1)
a

45.0 (5.3)
a

1.7 (0.6)
b

52 (4.9)
a

84.27 <0.01 0.08 0.77

Litter 75.9 (4.5)
a

3.1 (1.0)
b

23.0 (6.2)
c

76.4 (4.2)
a

3.1 (1.0)
b

20.9 (5.4)
c

67.74 <0.01 0.09 0.86

Bare ground 0.7 (0.6)
a

67.7 (4.9)
b

13.2 (3.9)
a

0.7 (0.6)
a

65.7 (4.8)
b

11.4 (3.8)
a

76.36 <0.01 0.01 0.85

Rock 0.8 (0.3)
a

7.3 (1.5)
b

5.8 (3.2)
b

0.8 (0.3)
a

7.3 (1.5)
b

5.8 (3.2)
b

17.53 <0.01 0.03 0.87

Graminoid 22.0 (3.4)
a

0.1 (0.1)
b

26.3 (5.3)
a

22.5 (3.4)
a

0.1 (0.6)
b

29.1 (5.3)
a

31.3 <0.01 0.02 0.88

Forb 13.9 (2.5)
a

0.4 (0.2)
b

14.2 (3.1)
a

13.1 (2.5)
a

1.5 (0.7)
b

16.1 (3.1)
a

23.5 <0.01 0.53 0.47

Shrub 7.7 (1.9)
a

0.1 (0.1)
b

6.5 (1.9)
a

7.8 (1.9)
a

0.2 (0.1)
b

6.6 (1.9)
a

13.91 <0.01 0.08 0.78

Exotics 15.9 (3.9)
a

0.4 (0.1)
b

19.5 (5.4)
a

17.6 (3.9)
a

1.6 (0.7)
b

18.0 (5.4)
a

13.3 <0.01 0.04 0.83

Treatments - Collection 2005 Treatments - Collection 2006
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B. Two and a half years (collection 2005) and three and a half years (collection 2006) 

post treatment 

Response Pile Burn Untreated Pile Burn Untreated F-Treat. p-Treat. F-year p-Year

Plant 2.6 (1.0)
a

24.7 (3.5)
b

4.8 (1.3)
a

27.5 (4.3)
b

60.37 <0.01 0.76 0.38

Litter 0.7 (0.6)
a

22.8 (5.8)
b

0.9 (0.6)
a

25.1 (5.6)
b

32.56 <0.01 0.09 0.76

Bare ground 80.5 (4.5)
a

31.3 (5.5)
b

78.6 (4.4)
a

25.1 (5.6)
b

108.13 <0.01 0.5 0.48

Rock 6.9 (3.0) 2.1 (1.5) 6.9 (3.0) 2.1 (1.5) 4.12 0.05 0.0 1.0

Graminoid 0.0 (0.0)
a

1.4 (0.3)
b

0.1 (0.1)
a

2.4 (0.8)
b

18.06 <0.01 1.46 0.23

Forb 2.5 (1.0)
a

11.7 (1.7)
b

4.6 (1.3)
a

15.6 (2.3)
b

38.23 <0.01 3.4 0.07

Shrub 0.2 (0.2)
a

6.3 (1.8)
b

0.2 (0.2)
a

7.3 (1.8)
b

26.55 <0.01 0.15 0.7

Exotics 2.6 (1.0)a 0.5 (0.2)b 4.8 (1.3)a 1.2 (0.3)b 14.69 <0.01 2.03 0.16

Response Mastication Untreated Mastication Untreated F-Treat. p-Treat. F-year p-Year

Plant 45.1 (3.8)a 27.4 (3.6)b 47.7 (4.1)a 30.2 (3.7)b 21.21 <0.01 0.26 0.61

Litter 68.6 (3.8)
a

27.8 (5.9)
b

68.1 (4.0)
a

28.7 (5.6)
b

66.0 <0.01 0.0 1.0

Bare ground 1.8 (0.6)
a

45.3 (6.5)
b

1.2 (0.3)
a

37.6 (6.2)
b

78.48 <0.01 0.85 0.36

Rock 0.8 (0.3) 1.5 (0.7) 0.8 (0.3) 1.5 (0.7) 1.56 0.21 0.0 1.0

Graminoid 8.7 (2.2)
a

1.8 (0.3)
b

10.7 (2.2)
a

2.9 (0.8)
b

20.21 <0.01 0.63 0.43

Forb 24.5 (2.9) 21.4 (3.2) 25.3 (3.1) 22.3 (3.3) 0.59 0.44 0.01 0.94

Shrub 3.58 (1.2) 2.6 (1.2) 3.2 (1.2) 4.2 (1.3) 0.77 0.38 0.26 0.61

Exotics 4.4 (1.7)
a

0.8 (0.3)
b

6.9 (1.6)
a

1.1 (0.3)
b

16.21 <0.01 1.33 0.25

Treatments-collec. 2005 Treatments-collec. 2006

Treatments-collec. 2005 Treatments-collec. 2006
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FIGURE LEGENDS 

Figure 1:  Surface aggregate soil stability for six months post treatment was lower in the 

pile burns. The y-axis represents total percent Slake-Test scores from each treatment that 

fall within high (scores=5-6), medium (scores=3-4), or low stability (scores=1-2) classes. 

Figure 2: AMF spore morphotype composition of pile burns differs from that of 

untreated sites and sites treated mastication six months post-treatment. 

Figure 3: Six months post treatment: Mean (+1SE) spore abundance for AMF species 

found to be significant indicator species for mastication (G. mosseae) and for untreated 

plots (G. aggregatum, G. fasciculatum, G. constrictum and S. calospora).  

Figure 4: Mean plant richness A) six months post treatment and B) one and a half years 

post treatment. Error bars are for total mean plant richness; dark color represents mean 

exotic species richness and white represents mean native species richness. 

Figure 5: Mean plant richness for two and a half years post treatment. Error bars are for 

total mean plant richness. Dark color represents mean exotic species richness and white 

represents mean native species richness. A. Pile burns and untreated plots B. Mastication 

and untreated plots 

Figure 6: Plant species composition is different between pile burns and untreated plots 

for A) Two and a half years post treatment and B.) Three and a half years post treatment. 

Fewer symbols are represented for the pile burns because some burns have no plant 

cover. 

Figure 7: Mean (+1SE) plant species abundance for significant indicator species for two 

and a half years post treatment A) Pile burns (Sisymbrium altissimum and Carduus 

nutans) and untreated plots (Penstemon linarioides spp. coloradoensis and Alyssum 
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simplex and for three and a half years post treatment B) Same plants in A. and 

Cercocarpus montanus, Elymus elymoides, Physaria acutifolia Var. acutifolia, Ipomopsis 

aggregata ssp.aggregata and Machaeranthera gracilis for untreated plots.
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APPENDICES 

Appendix 1: Treatment year 2003: AMF spore morphotype species list with mean spore 

size, density and percent relative abundance (n = 10). A) Site A, B) Site B 

 
A. Two and a half years post treatment: Trt yr 2003: Site A 
 

Morpho-species

Mean 
spore size 

(µm)

Mean Spore density 

(spores g
-1

 soil)

Relative 
abundance 

(%)

Mean Spore density 

(spores g
-1

 soil)

Relative 
abundance 

(%)

Ar. trappei  (Ames & 
Linderman) Morton & 
Redecker 42 0.93 7.69 0.38 0.97

G. aggregatum  Schenck 
& Smith 65 9.8 50.51 13.07 44.2

G. ambisporum  Smith & 
Schenck 102 0.71 2.75

G. clarum Nicol. & 
Schenck 180 0.02 0.05

G. constrictum  Trappe 210 0.04 0.13

G. etunicatum Becker & 
Gerdemann 98 0.1 0.38

G. fasciculatum 
(Thaxter) Gerd. & Trappe 
emend. Walker & Koske 50x75 0.24 0.59 4.44 15.36

G. geosporum  (Nicol. & 
Gerd.) Walker 210 0.06 0.19 0.57 2.08

G. intraradices  Schenck 
& Smith 88 0.4 3.24 1.66 6.97

G. microaggregatum 
Koske, Gemma & Olexia 33 3.03 23.46 4.91 17.9

G. microcarpum  Tulasne 
& Tulasne 35 0.28 3.65 0.65 2.79

G. mosseae  (Nicol. & 
Gerd.) Gerd. & Trappe 110 1.19 6.51 0.1 0.49

P. occultum  (Walker) 
Morton & Redecker 31 0.32 3.84 0.71 3.49

Pile Burn Untreated
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S. calospora  (Nicol. & 
Gerd.) Walker & Sanders 320 0.04 0.09 0.14 0.40

S. pellucida  (Nicol. & 
Schenck) Walker & 
Sanders 228 0.26 1.04

Unknwn Acaulospora #2 90 0.08 0.31

Unknwn Gigaspore #1 245 0.06 1.60 0.28 0.77

Unknwn Glomus #4 130 0.02 0.05  
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B. Two and a half years post treatment: Trt yr 2003: Site B 
 

Morpho-species

Mean 
spore 

size (µm)

Mean Spore 
density (spores 

g-1 soil)

Relative 
abundance 

(%)

Mean Spore 
density 

(spores g-1 

soil)

Relative 
abundance 

(%)

Ar. trappei  (Ames & 
Linderman) Morton & 
Redecker 42 0.42 2.29 0.28 1.19

G. aggregatum  Schenck & 
Smith 65 14.68 60.48 15.61 49.36

G. ambisporum  Smith & 
Schenck 102 0.32 1.8 0.6 1.74

G. clarum Nicol. & Schenck 180 0.06 0.5

G. fasciculatum  (Thaxter) 
Gerd. & Trappe emend. 
Walker & Koske 50x75 1.27 4.9 4.9 14.14

G. geosporum  (Nicol. & 
Gerd.) Walker 210 0.32 2.5 0.6 2.13

G. intraradices  Schenck & 
Smith 88 0.51 3.4 0.7 1.66

G. microaggregatum  Koske, 
Gemma & Olexia 33 3.23 17.7 7.4 22.69

G. microcarpum  Tulasne & 
Tulasne 35 0.12 0.5 0.1 0.46

G. mosseae  (Nicol. & Gerd.) 
Gerd. & Trappe 110 0.53 3.16 0.04 0.10

P. occultum  (Walker) Morton 
& Redecker 31 0.10 0.6 0.5 1.76

S. calospora  (Nicol. & Gerd.) 
Walker & Sanders 320 0.08 1.0 0.4 1.52

S. pellucida  (Nicol. & 
Schenck) Walker & Sanders 228 0.2 0.65

Unknwn Acaulospora #1 140 0.02 0.1 0.3 1.58

Unknwn Gigaspore #1 245 0.18 1.1 0.2

Unknwn Glomus #5 75 0.1 0.21

Mastication Untreated
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Appendix 2: Plant species list and frequencies per treatment (maximum=25) for A) Six 

months and one and a half years post treatment and B) Two and three and a half years 

post treatment, Site A C) Two and three years post treatment, Site B. *Exotic species 

A. Six months and one and a half years post treatment 

Species
Mastication 
frequency

Pile burn 
frequency

Untreated 
frequency

Mastication 
frequency

Pile burn 
frequency

Untreated 
frequency

Life 
History

Achillea  millefolium 
L. var. occidentalis 
DC.

3 2 3 2 P

Achnatherum 
hymenoides  (Roemer 
& J.A. Schultes) 
Barkworth

7 5 8 7 P

Agropyron cristatum 
(L.) Gaertn.*

1 1 P

Allium acuminatum 
 Hook.

5 7 6 7 P

Alyssum simplex 
Rudolphi 

7 16 7 16 A

Amelanchier 
utahensis Koehne

2 1 2 1 P

Artemisia bigeloviiA. 
Gray

2 3 2 3 P

Artemisia ludoviciana 
Nutt. ssp. mexicana 
(Willd. ex Spreng.) 
Keck

4 4 1 P

Astragalus  flavus 
Nutt.

2 4 2 5 P

Bouteloua gracilis 
(Willd. ex Kunth) Lag. 
ex Griffiths

9 18 9 19 P 

Bromus arvensis L.* 2 3 A 

1.5 years post treatmentSix months post treatment
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Bromus inermis 
Leyss.*

1 2 A

Bromus tectorum L.* 15 1 18 18 4 17 A 

Carduus nutans L.* 6 1 2 7 2 2 B

Carex sp. 1 P

Castilleja linariifolia 
Benth.

1 P

Cercocarpus 
montanus  Raf.

4 1 2 4 2 2 P

Chrysothamnus 
viscidiflorus  (Hook.) 
Nutt.

2 1 3 2 P

Cirsium vulgare (Savi) 
Ten.*

3 1 4 1 1 B

Elymus elymoides 
(Raf.) Swezey

13 15 14 15 P

Ericameria nauseosa 
(Pallas ex Pursh) 
Nesom & Baird ssp. 
nauseosa var. 
nauseosa

7 5 7 7 P

Erigeron 
colomexicanus  A. 
Nelson.

1 1 P

Erigeron concinnus 
(Hook. & Arn.) Torr. 
& Gray

9 10 10 11 P

Eriogonum 
racemosum  Nutt. 

3 4 2 4 P

Erodium cicutarium 
(L.) L'Hér. ex Ait.*

1 2 1 A/B

Fendlera rupicola 
Gray

5 5 P

Festuca thurberi 
Vasey

1 2 1 2 P

Geranium 
atropurpureumA. 
Heller var. 
atropurpureum

1 1 1 P
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Grindelia squarrosa 
(Pursh) Dunal

2 2 A/P

Helianthus annuus  L. 2 1 A

Ipomopsis aggregata 
(Pursh) V. Grant ssp. 
aggregata

4 3 4 4
B

Juniperus osteosperma 
(Torr.) Little

3 4
P

Lactuca serriola  L.* 5 4 7 2 4 A

Lupinus argenteus 
Pursh var. argenteus

2 1 2 1 P

Lupinus kingii S. 
Wats.

3 3 2 3 A

Mahonia  repens 
(Lindl.) G. Don

1 1 P

Medicago lupulina 
L.*

2 2 4 2 A

Melilotus officinalis 
(L.) Lam.*

4 1 5 1 1 A

Muhlenbergia 
richardsonis  (Trin.) 
Rydb.

9 7 9 7 P 

Opuntia phaeacantha 
Englm. 

2 2 P

Penstemon linarioides 
A. Gray spp. 
coloradoensis (A. 
Nels). Keck 

9 10 9 10 P

Purshia tridentata 
(Pursh) DC. 

2 1 3 1 P

Quercus gambelii 
Nutt.

5 1 5 1
P

Salsola tragus L.* 2 A

Sisymbrium altissimum 
L.*

2 3 3 2 3 A

Solanum triflorum 
Torr. Nutt.

2 1 A

Sphaeralcea 
parvifolia  A. Nelson

1 2 1 2 P

Taraxacum officinale 
G.H. Weber ex 
Wiggers*

1 P
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Tetradymia canescens 
DC.

4 5 4 5 P

Verbascum thapsus 
L.*

1 B

Unknown grass 1 1 P
 

B. Two and a half and three and a half years post treatment, Site A 

Species
Pile burn 

frequency
Untreated 
frequency

Pile burn 
frequency

Untreated 
frequency

Life 
History

Achillea  millefolium L. var. 
occidentalis  DC.

1 1 P

Achnatherum  hymenoides 
(Roemer & J.A. Schultes) 
Barkworth

3 4 P

Alyssum simplex Rudolphi 14 14 A

Amelanchier utahensis Koehne 1 1 P

Artemisia ludoviciana  Nutt. ssp. 
mexicana (Willd. ex Spreng.) Keck

2 2 P

Astragulus sp. 1 2 2 P

Bouteloua gracilis  (Willd. ex 
Kunth) Lag. ex Griffiths

2 4 P 

Bromus tectorum L.* 5 2 4 A 

Carduus nutans L.* 7 7 B

Cercocarpus montanus  Raf. 3 13 3 13 P

Cirsium vulgare (Savi) Ten.* 1 2 B

Chenopodium fremontii S.Wats. 1 1 3 1 A

Elymus elymoides  (Raf.) Swezey 7 9 P 

Erigeron concinnus  (Hook. & 
Arn.) Torr. & Gray

1 1 P

Fendlera rupicola  Gray 1 1 P 

2.5 years post treatment 3.5 years post treatment
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Hymenopappus filifolius Hook. 
Var. cinereus  (Rybd.) I.M. Johnst.

2 3 P

Ipomopsis aggregata  (Pursh) V. 
Grant ssp. aggregata

7 10 B

Lactuca serriola  L.*
1 2 3 1 A

Machaeranthera gracilis (Nutt.) 
Shin.

6 6 P

Melilotus officinalis (L.) Pall.*
1 1 A

Opuntia phaeacantha Englm. 
2 2 P

Penstemon linarioides  A. Gray 
spp. coloradoensis (A. Nels). 
Keck 

13 15 P

Physaria acutifolia Rydb. 
Var.acutifolia

10 9 P

Quercus gambelii  Nutt. 2 4 P

Salsola tragus L* 1 A

Sisymbrium altissimum  L.* 5 4 8 4 A

Sporobolus cryptandrus  (Torr.) A 
Gray contractus

1 2 P 

Sphaeralcea parvifloria  A. 
Nelson

1 2 P

Unknown forb sp. 1 P
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C. Two and a half and three and a half years post treatment, Site B 

Species
Mastication 
frequency

Untreated 
frequency

Mastication 
frequency

Untreated 
frequency

Life 
History

Achillea  millefolium  L. var. 
occidentalis  DC.

1 3 1 3 P

Achnatherum  hymenoides  (Roemer 
& J.A. Schultes) Barkworth

9 3 12 3 P

Allium acuminatum   Hook. 2 2 P

Alyssum simplex Rudolphi 21 19 20 19 A

Antennaria rosulata  Rydb. 6 3 8 4 P

Artemisia ludoviciana  Nutt. ssp. 
mexicana (Willd. ex Spreng.) Keck

9 1 9 1 P

Astragalus  flavus  Nutt. 3 3 P

Astragalus sp. 2 1 P

Bouteloua gracilis  (Willd. ex 
Kunth) Lag. ex Griffiths

3 4 3 5 P 

Bromus tectorum  L.* 10 6 13 6 A 

Castilleja linariifolia  Benth. 4 4 P

Cercocarpus montanus  Raf. 1 2 1 2 P

Chenopodium fremontii S.Wats. 1 1 A

Chrysothamnus viscidiflorus 
(Hook.) Nutt.

4 2 4 2 P

Convolvulus arvensis L.* 1 2 P

Cryptanthia sp. 2 3 P

Elymus elymoides  (Raf.) Swezey 17 6 17 6 P

Ericameria nauseosa (Pallas ex 
Pursh) Nesom & Baird ssp. 
nauseosa var. nauseosa

8 5 8 7 P

2.5 years post treatment 3.5 years post treatment
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Erigeron concinnus  (Hook. & 
Arn.) Torr. & Gray

2 2 3 P

Eriogonum alatum Torr. Var 
alatum

9 5 9 8 P

Eriogonum racemosum  Nutt. 2 1 2 2 P

Hymenopappus filifolius Hook. 
Var. cinereus  (Rybd.) I.M. Johnst.

4 5 4 5 P

Festuca thurberi Vasey 1 2 P

Hesperostipa comata (Trin. & 
Rupr.) Barkworth ssp. comata 

2 2 P

Ipomopsis aggregata  (Pursh) V. 
Grant ssp. aggregata

9 8 9 7 B

Lactuca serriola  L.* 9 1 10 1 A

Melilotus officinalis (L.) Pall.* 2 A

Opuntia phaeacantha Englm. 4 2 4 3 P

Penstemon linarioides  A. Gray spp. 
coloradoensis (A. Nelson) D.D. 
Keck 

11 9 10 9 P

Phlox longifolia Nutt. 3 2 P

Plantago patagonica Jacq. 5 6 P

Poa pratensis L.* 1 2 A

Purshia tridentata (Pursh) DC. 1 2 P

Quercus gambelii  Nutt. 2 2 2 P

Sisymbrium altissimum  L.* 10 4 12 4 A

Sphaeralcea parviflolia  A. Nelson 2 2 P

Taraxacum officinale G.H. Weber 
ex Wiggers*

1 P

Tragopogon dubius Scop* 3 4 A

Unknown grass 2 2 P

Unknown forb sp. 2
P

 


