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ABSTRACT

! Manganese (Mn) is an essential micronutrient for biological communities and is 

present as a trace or minor element in soils, water, and solid minerals. However, Mn can 

become toxic to both plants and animals at high concentrations. In order to characterize 

the effects of wildfire and other environmental factors on soil Mn bioavailability in 

watersheds of the Front Range, Colorado, DTPA-extractable Mn tests and percent loss-

on-ignition (%LOI) tests were performed on soil samples collected in the Boulder Creek 

watershed. Bulk Mn concentrations of dry-ashed vegetation samples collected near the 

soil sampling sites were also measured. The Boulder Creek watershed is the primary 

source of drinking water for the city of Boulder and other small communities; an 

understanding of Mn cycling in response to environmental factors thus provides insight 

into water quality issues and water treatment plans for these communities. 

! Soils throughout the Boulder Creek watershed display addition profiles of soil 

Mn, indicating a primary input from surface processes such as atmospheric dust. Litter-

fall and decomposition of organic matter also return soluble Mn to the soil surface. A 

positive correlation between %LOI and extractable Mn concentration indicates an 

association between bioavailable Mn and organic matter in the soil, although other 

pedogenic processes likely influence Mn cycling as well, particularly in watersheds 

where the correlation between extractable Mn concentration and %LOI is weak. 

! This study also demonstrates that wildfire releases Mn from combusted vegetation 

and supplies large inputs of readily bioavailable Mn to the soil surface, although Mn 

concentrations at depth remain relatively constant. Comparison between soil treatments 

further indicate that Mn in mineral-rich ash is highly mobile and demonstrates a 
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relatively short-term residence time (less than two years) in post-fire soils. Elevation and 

climate also demonstrate a significant effect on bioavailable soil Mn; high-elevation, 

high-precipitation soils contained lower concentrations of soluble Mn than soils collected 

from lower elevations. Other factors that demonstrate significant impacts on bioavailable 

Mn concentration and distribution include location on hill slope transects. Within the 

Boulder Creek watershed, soil pH and slope aspect do not appear to have a profound 

impact on bioavailable Mn concentrations. It is also unlikely that industrial pollution adds 

significant quantities of Mn to the soils in this watershed.

INTRODUCTION

Manganese in Natural Systems

! Mn is a trace or minor element found in soils, water, and solid minerals (Klein 

and Dutrow, 2007). Mn commonly occurs in Mn oxides, sulfides, carbonates, and silicate 

minerals; Mn can occupy the M1 and M2 crystallographic sites of some pyroxenes and in 

the M1, M2, M3 and M4 crystallographic sites of some amphiboles. The dominant 

oxidation states of Mn in most soils are Mn3+ and Mn4+ ions in the solid component and 

Mn2+ ions in the soil solution (Mundus et al., 2012). 

! Manganese concentrations in soils generally follow addition profiles, with higher 

concentrations near the soil surface resulting from atmospheric input and plant recycling 

of the nutrient (Herndon and Brantley, 2011). Mn concentrations in soils of the United 

States range from 2 ppm to 7,000 ppm, with an arithmetic mean of 550 ppm (Schacklette 

and Boerngen, 1984, cited in U. S. Environmental Protection Agency, 2004). In areas of 
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high industrial activity, atmospheric inputs of Mn can lead to significantly higher Mn 

concentrations in soils (Herndon and Brantley, 2011; Mukhopadhyay and Sharma, 1991). 

In the United States, this effect is most observable in the highly industrial regions, 

primarily in the eastern states (Herndon and Brantley, 2011). Gradual release of Mn from 

parent rock also contributes to its presence in soil (Mukhopadhyay and Sharma, 1991). In 

many environments, soil functions as a Mn storage system, accumulating surface inputs 

and slowly releasing Mn into surface water and groundwater drainage systems (Herndon 

and Brantley, 2011). Most Mn present in the soil is associated with the sand, silt and clay 

fraction (U. S. Environmental Protection Agency, 2004).

! In addition to its importance in geology, Mn is an essential micronutrient for both 

plants and animals (Mukhopadhyay and Sharma, 1991). It is widely used as an enzyme 

cofactor in a variety photosynthetic and metabolic reactions, including the oxygen 

evolving complex (OEC) enzyme used in photosystem II (Mukhopadhyay and Sharma, 

1991, Mundus et al., 2012). Plants acquire Mn through uptake of soluble Mn2+ ions from 

the soil solution, as Mn3+ and Mn4+ ions in the solid state are unavailable to most plant 

species (Mukhopadhyay and Sharma, 1991 and Mundus et al., 2012). However, Mn2+ 

ions are readily oxidized, leading to precipitation of solid Mn oxides and hydroxides and 

consequently low concentrations of Mn2+ in the soil solution. Mn3+ is generally more 

biologically active in animals than in plants and is involved in several metabolic reactions 

(Mukhopadhyay and Sharma, 1991). 

! However, when taken up in excessive quantities, Mn becomes toxic to plant 

functions as it effectively competes with Mg and interferes with the uptake of this and 

other essential nutrient cations, including Ca, Fe, and K (Mukhopadhyay and Sharma, 
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1991). In plants, symptoms of Mn toxicity include chlorosis (yellowing of the leaves) 

between veins, stunted growth and brown or wrinkled leaves (Xu et al., 2007; Brady and 

Weil, 2010). In extreme cases, high levels of Mn in drinking water or food may also lead 

to health problems in human populations that include neurological effects (U. S. 

Environmental Protection Agency, 2004). The United States EPA recommends 

maintaining concentrations of Mn in municipal drinking water below 0.05 mg/L. Detailed 

information concerning the impact of Mn and other trace elements on human health is not 

generally available (WHO, 2008, cited in Smith et al., 2011).

! Manganese bioavailability, or the concentration of readily soluble Mn in the soil, 

depends upon several environmental factors, including bulk Mn concentration, soil pH, 

presence of soil fauna, soil structure, the abundance of soil organic matter, and soil 

saturation (Mukhopadhyay and Sharma, 1991). Soil pH plays a particularly important 

role in Mn uptake and toxicity, because Mn solubility increases as pH decreases (Brady 

and Weil, 2010). Due to increased solubility, Mn may become highly available in acidic 

environments and can readily become toxic to plants (Mundus et al., 2012). This effect 

can even be observed within the typical range of soil pH (5 to 8). Conversely, in alkaline 

soils, Mn is more likely to become oxidized to Mn3+ and Mn4+, which are unavailable for 

uptake by plant species because they readily precipitate as solids. High pH in soils 

therefore tends to lead to Mn deficiency. Soil microbes also have a strong effect on Mn 

availability to plants; Mn oxidation is primarily controlled by chemolithotrophic soil 

bacteria and Mn reduction is controlled by a combination of chemical and microbial 

processes. Soil fauna also affect Mn bioavailability by decomposing organic litter and 

releasing bioavailable Mn back into the soil solution (Meyer et al., 2011). Low-oxygen 
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conditions further influence the bioavailability of Mn; in saturated soils and in rapidly 

decomposing organic-rich soils, the reducing environment favors Mn2+, thereby 

increasing Mn bioavailability (Brady and Weil 2010). However, highly organic soils may 

also lead to decreased Mn bioavailability as Mn2+ is readily chelated by organic 

molecules (Hong et al., 2010).

Impact of Wildfire

! Wildfires have a significant effect on the soil. For example, combustion of 

biomass exposes the soil surface to erosion, particularly on slopes (Neary et al., 2005). 

Fires of sufficient severity may also increase a soil’s susceptibility to erosion by forming 

a water-repellent layer at the surface of the soil, thereby increasing surface runoff. 

Following a wildfire, flood events are common after significant precipitation, particularly 

when rainfall is of high intensity and short duration. These changes in soil properties and 

hydrology in post-fire systems often result in an increased sediment yield, particularly in 

the first years following a fire. Turbidity in drainage systems also tends to increase after a 

fire as ash and eroded sediment are suspended in streams. This can lead to significant 

water quality issues where streams are used as a water supply (Neary et al., 2005). Mn 

contamination of streams and water supply reservoirs after a fire can also lead to water 

quality issues, although most are of an aesthetic nature, including poor taste, color, and 

staining of pipes and fittings, rather than a major health concern (Smith et al., 2011).

! These physical effects can also lead to alterations in soil and water chemistry 

following a wildfire (Neary et al., 2005). Wildfires often have significant effects on the 

concentration of major soil elements, particularly C, N, P, S, and soil cations. For 
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example, wildfires can lead to an increase in bioavailability of nutrient elements like N by 

combusting biomass that contains the element. However, the total N concentration 

typically declines following fire due to its volatility. Soil cations are also susceptible to 

alterations by wildfire. In general, cations such as Ca, Mg, Na, and K are not as easily 

volatilized by fire; as a result, ash contains elevated concentrations of bioavailable 

cations. Fire can also have significant effects on nutrient cycling within an ecosystem 

(Neary et al., 2005). Long-term decomposition rates are dramatically overtaken by instant 

thermal release of nutrients as organic material is combusted. This can lead to an 

immediate increase in nutrient availability and can have additional long-term effects due 

to the loss of biological communities. Fires may also lead to a slight temporary increase 

in soil pH as basic cations are deposited on the soil surface. In a study of the chemical 

impacts of fire, both total and soluble Mn concentrations in soil increased after a fire due 

to additions of mineral-rich ash to the soil surface, but soluble Mn concentrations 

decreased to pre-fire levels within 1-2 months (Smith et al., 2011; Parra et al., 1996). This 

rapid recovery may result from increases in microbial populations in the nutrient-rich 

soils that convert soluble Mn oxides to less soluble higher oxides. 

Purpose

! In this study I attempt to characterize bioavailable Mn concentrations and 

distribution in soils and to determine the affects of several environmental factors on soil 

Mn availability in the study area of the Boulder Creek watershed. I hypothesized that 

exposure to wildfire, elevation, climate, and topography would affect Mn cycling in the 

study area.
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STUDY AREA

! The study area is located in the Boulder Creek watershed in the Front Range of 

Colorado, USA (Fig. 1). The Boulder Creek watershed is a 1160 km2 area extending from 

the Continental Divide to the Great Plains (Langston et al., 2011). It ranges in elevation 

from 1480 m to 4120 m. This watershed is the primary study area for the Boulder Creek 

Critical Zone Observatory (CZO), an organization that researches geologic and biological 

processes in the Boulder Creek critical zone, the biologically significant near-surface 

environment of bedrock, soil, water, atmosphere, and biological communities (Boulder 

Creek CZO, 2013). Reservoirs throughout the watershed are used as a major water source 

for the city of Boulder and other small communities. Variations in the water chemistry of 

these drainage systems could lead to reduced drinking water quality or to difficulty in 

water treatment, although it is unlikely that Mn poses a serious health concern (Murphy 

and Writer, 2011). 

! The climate of the Colorado Front Range is strongly controlled by its elevation. 

At high elevations, orographic precipitation of maritime weather systems originating 

from the Gulf of Mexico causes higher mean annual precipitation (Veblen and Donnegan, 

2005). In the alpine zone (above 3450 m), mean annual precipitation is 1021 mm yr -1 and 

mean annual temperature is -3.8 °C. At lower montane elevations (1830-2350 m) in the 

Boulder Creek watershed, mean annual precipitation is 545 mm yr -1 and the mean annual 

temperature is 8.4 °C (Birkeland et al. 2003). High-elevation sites also tend to have more 

plant-available moisture than low-elevation areas due to the cooler temperatures and the 

lag in snowmelt, which typically supplies soil moisture through the summer (Veblen and 

Donnegan, 2005). Plant-available water does not include frozen water, but melting snow
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Figure 1: Map of the Boulder Creek watershed and study catchments. The western edge 
of the watershed lies along the continental divide while the eastern portion extends in to 
the Great Plains of Colorado. Purple location markers indicate sampling sites and yellow 
polygons outline the primary study catchments of the Boulder Creek CZO: the Green 
Lakes Valley, Gordon Gulch, and Betasso.
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and ice do supply available moisture. Precipitation in the northern Front Range peaks in 

April and May (Veblen and Donnegan 2005). A second peak occurs in July and August 

that results from convective storms associated with the North American Monsoon. 

Weather patterns in summer months are characterized by localized thunderstorms and 

brief but intense precipitation events. Minimum precipitation occurs in December and 

January; precipitation in winter months is dominated by snowfall. 

! The Boulder Creek watershed is underlain primarily by highly fractured 

Precambrian granodiorites and high-grade metamorphic rocks (Langston et al., 2011). In 

higher areas of the watershed, bedrock is overlain by glacial sediment from the Pinedale 

glaciation (maximum extent of ice 21.5 ka) and the Bull Lake glaciation (maximum 

extent of ice 122 ka) (Dühnforth and Anderson, 2011; Ward et al., 2009). Soils 

throughout the watershed are also characterized by significant input of parent material 

from airborne dust.

! Soils in the Boulder Creek watershed vary with topography and aspect; due to 

their more persistent snowpack, soils on north-facing slopes tend to be colder and more 

leached; they also generally demonstrate thinner O horizons and better development of E 

horizons than soils on south-facing slopes (Birkeland et al., 2003). Soils also vary with 

respect to elevation due to elevation-dependent differences in climate. Above tree line, 

Cryepts are the dominant soil type. In the forested areas, Cryalfs are primarily found at 

higher elevations and Ustalfs are the dominant soil type at lower elevations. Within the 

Boulder Creek watershed, pH values can vary from 8 at lower elevations to less than 5 

near the summit crest.
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! Dominant forest and vegetation types within the study area also vary with 

elevation. Ponderosa pine (Pinus ponderosa) forests are found at foothills and lower 

montane elevations (1830-2350 m) and include dominant ponderosa pines and some 

Rocky Mountain juniper (Juniperus scopulorum) (Birkeland et al, 2003; Veblen and 

Donnegan, 2005). Douglas fir/mixed conifer forests occur in the upper montane zone and 

are dominated by ponderosa pine and Douglas fir (Pseudotsuga menziesii) (Veblen and 

Donnegan, 2005). This zone extends from approximately 2440 m to 2740 m (Birkeland et 

al, 2003). Lodgepole pines (Pinus contorta) are also an important species in mixed 

conifer forests near the upper elevation limit of the montane zone and in the lower 

subalpine zone (Veblen and Donnegan, 2005). The subalpine zone (2840-3350 m) is 

inhabited primarily by forests of subalpine fir (Abies lasiocarpa) and Engelmann spruce 

(Picea engelmannii) (Birkeland et al, 2003). Alpine zones (>3450 m) are dominated by 

tundra vegetation including mat-forming plants and willow shrubs (Salix spp). 

 ! Forest fires are common throughout the Front Range and can have significant 

impacts on biogeochemical cycles. The historical mean fire return interval in low-

elevation ponderosa pine forests of the northern Front Range varies from 8 to 18 years 

(Veblen and others, 2000, cited in Graham et al., 2012). During the period between 1980 

and 2011, a total of 48 major fires burned 242,457 acres of forests along the Front Range. 

Such fires can occur at any time of the year but typically occur in the summer when wind 

speeds are high and the air is dry. 
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Study Basins

! Within the Boulder Creek watershed, soil samples were collected from four 

tributary basins including Fourmile Canyon, Betasso Gulch, Gordon Gulch and the Green 

Lakes Valley in late July-early August, 2012. Betasso, Gordon Gulch, and the Green 

Lakes Valley are three primary study catchments of the Boulder Creek CZO. Fourmile 

Canyon, although not a long-term study basin of the Boulder Creek CZO, has been an 

area of recent study due to the extensive forest fire that occurred in the canyon in 2010. 

Table 1 summarizes the main characteristics of each study basin.

! The Green Lakes Valley is the highest elevation basin in the upper catchment of 

the Boulder Creek watershed (Boulder Creek CZO, 2013). The site also receives the 

highest mean annual precipitation of all of the study basins, of which approximately 80% 

is snowfall that occurs during winter months. The upper portion of the basin is dominated 

by an alpine tundra environment with extensive talus exposure, sparse vegetation and 

relatively little exposed soil. The Arikaree Glacier lies at the head of the valley and 

sources North Boulder Creek. The lower extent of the Green Lakes Valley is 

characterized by a subalpine climate and is inhabited primarily by forests of subalpine fir 

and Engelmann spruce (Birkeland et al, 2003). Mean annual temperature of the Green 

Lakes Valley is -3.7 °C (Boulder Creek CZO, 2013).

! Gordon Gulch is within a montane climate zone and is characterized by mixed 

conifer forests with ponderosa pines, Douglas firs, and lodgepole pines (Boulder Creek 

CZO, 2013; Veblen and Donnegan, 2005). 

! The Betasso watershed, the lowest-elevation catchment, is characterized by a low-

precipitation foothills climate regime (Boulder Creek CZO, 2013). This area is dominated 
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by ponderosa pine forests on south-facing slopes and mixed ponderosa and Douglas fir 

forests on cooler north-facing slopes. Precipitation in both Betasso and in Gordon Gulch 

reaches a maximum of approximately 10 cm in May with a second peak in September to 

October. Precipitation in these sites reaches a minimum of less than 2 cm/month during 

the winter.

! Fourmile Canyon is a large tributary watershed in the foothills north of Boulder 

Creek. Approximately 23% of the canyon (26 km2) was burned in a forest fire on 

September 6-10, 2010 (Fig. 2) (Murphy and Writer, 2012). Mean annual precipitation in 

this watershed is approximately 470 mm yr -1 (Graham et al., 2011). The burned portion 

of Fourmile Canyon ranges in elevation from 1630 m to 2850 m. Because of its proximity 

to the City of Boulder and the many residential and recreational areas within Fourmile 

Canyon, the Fourmile fire destroyed more homes than any other fire in Colorado’s 

history. In most areas, the fire burned needles and twigs but left standing trunks and large 

branches (Murphy and Writer, 2012). The fire occurred during a dry period in September 

of that year and rainfall directly following the event was limited until the following 

spring (Murphy and Writer, 2011). Significant mobilization of sediment therefore did not 

occur until snow melted the following summer. Since that time, deforestation of the steep 

slopes and increased surface runoff have led to increased flooding, risk of debris flows, 

and severe erosion in the burned areas of the canyon (Murphy and Writer, 2011, 2012). 

This risk was heightened by the steep slopes of the canyon, some of which are nearly 45 

degrees (Graham et al., 2012). Directly following the fire, CZO researchers used 

tarpaulins and metal plates to protect a small sample site within the burned area from

12



Table 1: Summary table of the four study basins. Data from the Boulder Creek CZO,
2013.

Figure 2: Extent of the 2010 Fourmile Canyon Fire, modified from Graham et al. (2012). 
The burned area ranges in elevation from 1630 m to 2850 m.
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precipitation, surface runoff, and physical disturbance. This site remained protected for 

two years following the fire. The fire also exposed historic gold mine tailings and waste 

rock to erosion, which resulted in increased transport of sediment and metals into 

Fourmile Creek. 

! In the summer following the Fourmile fire (2011), a spike in Mn concentration in 

Fourmile Creek was measured downstream of input from Gold Run, a tributary stream 

that had been burned extensively the year before (Fig. 3) (Beganskas, 2012).
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Figure 3: Concentrations of trace elements in the Fourmile Stream, summer 2011. Red 
dashed lines indicate the beginning and end of the burned area. Modified from Beganskas 
(2012).
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METHODS

Field Sampling

! Within each study catchment, soil samples were taken from soil pits (sample sites) 

that were chosen to represent variations in topography, elevation, and exposure to 

wildfire. From each pit, individual samples were collected at depth intervals of 2 to 20 cm 

from the surface litter to saprolite; saprolite was defined as parent material that has 

undergone significant chemical alteration but has not been transported (Langston, 2011). 

At each of these sites, vegetation samples were also collected from dominant tree species 

within 10 m of the sample pit. Vegetation samples consisted of needles and small twigs 

from an individual tree or, where multiple individuals of a given species were present at a 

single sample site, needles from these individuals were combined. Within each sample 

pit, 1-3 bulk density measurements were also taken using a 300 cm3 steel cylinder.

! Within Fourmile Canyon, sample sites were selected to include two treatments 

within the burned area (protected by tarpaulins versus exposed to environmental 

conditions) as well as a healthy, unburned site. Sample sites in the Betasso watershed 

were selected along two slope transects to analyze topographic variables including aspect 

and location on the slope (Fig. 4). Additional samples from Gordon Gulch and the Green 

Lakes Valley were also examined in order to observe variations in Mn concentration and 

distribution with elevation. 
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Figure 4: Map of sample sites in the Betasso watershed. Samples were taken from pits 
along two transects of Betasso slopes. One transect (sample sites B6, B7 and B8) was on 
a northeast-facing slope. The other transect (sites B16 and B17) was on a southwest-
facing slope.

17



Laboratory Procedures

! The pH of each of the samples was measured in deionized water according to the 

Soil Science of America standard (Thomas, 1996). Soil-extractable Mn was measured 

according to the Canadian Society of Soil Science standard (Liang and Karamanos, 1993) 

to estimate the Mn concentration available for uptake by plants. Ten g samples of air-

dried soil (2 mm fraction and smaller) were mixed in a solvent solution of diethylene 

triamine pentaacetic acid (DTPA), CaCl2, treiethanolamine (TEA), HCl, and deionized 

water. This solution was designed to imitate the solubilizing effect of organic compounds 

and root exudates released by plants. Each sample and solution mixture was placed on a 

horizontal shaker table for two hours and then filtered, first by gravity through Whatman 

no. 42 filter paper and later using syringe filters. The filtrate was then analyzed using a 

flame atomic absorption spectrometer at Whitman College. Two laboratory trials were 

analyzed for each sample collected in the field. Bulk Mn concentrations were measured 

by Acme Analytical Laboratories using an inductively-coupled plasma mass spectrometer 

(ICP-MS). Total Mn of the dry-ashed vegetation samples was measured by the Oregon 

State University Central Analytical Laboratory using an ICP-MS. Soil carbon (C) content 

was measured by loss-on-ignition (LOI) in the Environmental Analysis Laboratory at 

Williams College.

Statistical Analysis

! Soil Mn and %LOI data was analyzed graphically and with summary tables. 

Differences in foliar Mn concentrations were analyzed using a two-way analysis of 

variance (ANOVA) that examined both species and watershed effects. Using a regression 
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analysis of bulk density based on the field measurements taken at each sample site, total 

concentrations of extractable Mn were calculated as a sum of intervals within the soil 

profile using the equation:

where i is a particular depth interval in the soil and n is the number of intervals.

RESULTS

! Depth profiles of soils within the Boulder Creek watershed (Fig. 5) generally 

display clear addition profiles of extractable Mn; an addition profile is a concentration-

depth profile in which soils are enriched at the surface (Brantley, 2007). Many of the 

sample sites also showed a decrease in Mn concentration at a middle-depth in the soil 

profile. This effect is most pronounced in Betasso soils, particularly on the south-facing 

slope, where the decrease in extractable Mn concentration is observable between 

approximately 10-30 cm depth (Fig. 6). Many sample sites also show a slight increase in 

extractable Mn concentration in the deepest saprolitic samples.

Watershed Variations

! Concentrations of extractable Mn are highly variable in the Boulder Creek 

Critical Zone soils. The soils in Betasso watershed generally contain higher 

concentrations of extractable Mn compared to samples collected from the other 

watersheds; these soils also demonstrate most distinctly the decrease in Mn concentration 
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midway down the soil profile (Fig. 5). Extractable Mn concentrations in the high-

elevation soil of the Green Lakes Valley were generally lower than those found in low 

elevation sites; Mn in Green Lakes samples below 5 cm was 0.68 ± 0.05 ppm (n = 6). 

Unburned soils from Fourmile Canyon contain a total of 6.74 g Mn/m2 in the upper 40 

cm. Soils in Betasso contain a mean total of 34.7 ± 5.02 g Mn/m2 in the upper 40 cm 

(n=5). Soils from Gordon Gulch contain 17.2 g Mn/m2 in the upper 70 cm. Because bulk 

density measurements were unavailable for soils in the Green Lakes Valley, the 

extractable g Mn/m2 could not be calculated for soils in this catchment.

Soil pH

! Measured pH values of soils from these sample sites do correlate with elevation; 

average soil pH is 6.1 ± 0.5 (n=35) in the Fourmile sample sites, 5.7 ± 0.5 (n=30) in the 

Betasso sample sites, 5.6 ± 0.6 (n=13) in the Gordon Gulch sample sites, and 5.9 ± 0.4 

(n=7) in the Green Lakes sample site. This range of pH is smaller than the potential 

variability reported by Birkeland et al. (2003). DTPA-extractable Mn concentrations for 

samples collected from sites throughout the Boulder Creek watershed are poorly 

correlated to sample pH (Fig. 7).
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Figure 5: Extractable Mn concentration versus depth in the soils of the Boulder Creek 
watershed. 
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Fig. 6: Mn concentration versus depth of a southwest-facing slope of Betasso. Both 
sample sites have a decrease in Mn concentration between 10 and 30 cm depth. 
Elevations (m) are given for each sample site.
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Figure 7: Soil pH versus extractable Mn concentration. DTPA-Extractable Mn and 
sample pH show poor correlation, but alkaline soils generally contain lower 
concentrations of extractable Mn. The adjusted R-squared value is 0.1865.
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Soil Organic Matter

! Extractable Mn concentrations were also correlated with %LOI and carbon 

content (a proxy for total organic matter) of the soil for each of the sample sites within 

the Boulder Creek watershed (Fig. 8). These data are weakly positively correlated. When  

the samples from the Green Lakes Valley, burned portions of Fourmile Canyon, and 

samples with greater than 40% LOI are removed, the correlation between LOI and 

extractable Mn concentration is stronger (Fig. 9). Patterns of extractable Mn and %LOI 

correlation vary between watersheds. For example, unburned soils from Fourmile Canyon 

are linearly correlated, (Fig. 10, 12) but soils from Betasso, Gordon Gulch and the Green 

Lakes Valley are not (e.g. Green Lakes, Figs. 11, 13).  

! The near-surface samples collected from the burned portion of Fourmile Canyon 

have fairly low %LOI despite high extractable Mn concentrations. The near-surface 

samples (less than 10 cm depth) from these sites contain Mn concentrations that vary 

from 4.0 to 119.8 ppm but lost 4.3-11.6% mass on ignition. In contrast, the top centimeter 

of unburned soil in Fourmile Canyon contains 74.8 ppm Mn but lost 57.1% mass on 

ignition.
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Figure 8: Extractable Mn versus %LOI in the soils of the Boulder Creek watershed.
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Figure 9: Extractable Mn versus %LOI in the Boulder Creek watershed. Excludes 
samples from the Green Lakes Valley, the burned portion of Fourmile Canyon, and 
samples with greater than 40% LOI.
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Figure 10: Extractable Mn versus %LOI in the unburned soil of Fourmile Canyon. The 
strength of this correlation (R2 = 0.9999) is driven by the influential sample that contains 
57.1% LOI and 74.8 ppm extractable Mn. However, a positive linear correlation exists 
without this point.

Figure 11: Extractable Mn versus %LOI in the soil of the Green Lakes Valley.
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Figure 12: Depth versus extractable Mn concentration and %LOI in the unburned soil of 
Fourmile Canyon.

Figure 13: Depth versus extractable Mn concentration and %LOI in the soil of the Green 
Lakes Valley.

28



Exposure to Wildfire

! The upper 1-5 cm of soil in the burned portions of Fourmile Canyon were1 

composed primarily of a very fine, dark ash (Fig. 14). The samples taken from this ash-

rich horizon are significantly higher in extractable Mn concentration than samples of the 

surface horizons from the unburned soil in Fourmile Canyon (Fig. 15). The sample 

collected from the top centimeter of the site protected by a tarp is also nearly twice as 

high in extractable Mn than the uppermost sample from the fully exposed site adjacent to 

it. In fact, Mn concentrations in samples from the exposed burned site are more similar to 

those of the unburned sample site than to those of the protected burned site. All of the 

sample sites within this catchment show similar extractable Mn concentrations at depths 

below 10 cm. 

Topography

! The two sites on the south-facing slope of Betasso have similar Mn profiles, but 

the sites on the north-facing slopes are highly variable (Fig. 16). Extractable Mn is higher 

at low elevations on the north-facing slope (Fig. 17).
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1After samples were collected, this site was left exposed to environmental conditions. It is therefore likely 
that the soil properties of this site have since changed.



Figure 14: Soil profile of the protected sample site in the Fourmile burn area. This site 
had been protected from rainfall and surface runoff by tarpaulins since the 2010 fire. 
Samples were collected from depths of 1, 2, 8, 12, 16, 10, 30, 40 and 60 cm. The top 1-5 
cm were composed primarily of a very fine, dark ash.
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Figure 15: Depth versus extractable Mn concentration in Fourmile Canyon. The data 
include soil profiles of DTPA-extractable Mn in soils from both burned and unburned 
sites in Fourmile Canyon.
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Figure 16: Depth versus extractable Mn concentration in Betasso. The data include 
DTPA-extractable Mn concentrations from four sample sites on a north-facing slope and 
two sample sites on a south facing slope in Betasso drainage. 
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Figure 17: Depth versus log10 of Mn concentration in the soils of a north-facing slope in 
Betasso. The three sample sites are within a transect of a north-facing slope in Betasso 
(sites B6, B7 and B8 in Figure 4). Each sample site is labelled and colored by elevation 
(m). Mn Concentration is displayed as a logarithm of the measured ppm extractable Mn 
to better display the trend along the transect.
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Vegetation

! Total foliar Mn concentrations appear to generally increase with greater altitude, 

although the subalpine and alpine Green Lakes Valley vegetation has a slightly lower Mn 

concentration (123 ± 57 ppm Mn) than does the vegetation in Gordon Gulch (157 ± 32 

ppm Mn) (Table 2). Dominant tree species also vary between basins, but differences in 

bulk foliar Mn between species are not statistically significant, in part due to the small 

sample sizes. Table 3 estimates yearly input rates of Mn from the litter-fall for each of the 

study catchments based on the measured foliar Mn concentrations of the dominant 

species in each catchment and on the foliar litter-fall rates of conifers in forests of the 

western United States summarized by Keane (2008).
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Table 2: Mn concentration (ppm) in the needles and twigs of dominant tree species in 
each of the study sites within the Boulder Creek watershed. Vegetation sampled within 
the Green Lakes Valley include spruce (Picea spp), willow (Salix spp) and limber pine 
(Pinus flexilis). Errors are one standard deviation.

Table 3: Calculated yearly input of Mn per area in each of the study basins. Needle-fall 
rate is averaged for the primary species listed as is estimated by Keane (2008). Total 
mean foliar Mn is the average of all healthy vegetation samples collected in each basin. 
Errors are one standard deviation.
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DISCUSSION

! The soils of the Boulder Creek watershed follow addition profiles of extractable 

Mn concentration (Fig. 5). This pattern indicates that the primary input of bioavailable 

Mn is from the surface, either by the decomposition of organic litter or by input of Mn 

from atmospheric dust. The decrease in Mn concentration in the middle of the soil profile 

of some samples likely results from uptake of extractable Mn by plant roots at these 

depths. Slightly higher concentrations of extractable Mn in the lowest saprolitic samples 

indicate either accumulation of Mn below the zone of maximum groundwater flow or 

soluble Mn input from weathering bedrock at the base of the soil profile.

Watershed, Elevation, and Climate

! Variability in extractable Mn concentration between each of the study basins 

likely reflects variations in climate as a result of elevation. The Mn concentrations of 

sample sites within each watershed (Fig. 5) appear to follow a pattern of lower Mn 

concentration at high elevation and higher extractable Mn concentrations at low 

elevation; soils sampled from the Betasso watershed are relatively high in Mn, while soils 

of Gordon Gulch have slightly lower overall Mn concentrations; the Green Lakes Valley 

has very low extractable Mn. This pattern likely reflects the increased precipitation at 

high elevations, which allows for leaching of soluble Mn from the soil profile. 

Conversely, lack of precipitation in lower elevation sites in Betasso and Fourmile Canyon 

allows for accumulation of higher concentrations of soluble Mn that is added to the soil 

either by continuous processes like litter-fall or by short-term events like wildfire.
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Soil pH

! Contrary to trends suggested in the literature, soil pH is not a good predictor of 

extractable Mn in the areas studied; as is demonstrated by the poor correlation in Figure 

7, extractable Mn concentration in the Boulder Creek watershed does not appear to 

strongly reflect soil pH. This poor correlation likely results from the wide variety of other 

local factors that have a greater impact on soil extractable Mn concentrations. For 

example, factors such as sample depth, watershed and elevation appear to play a stronger 

role in determining Mn bioavailability. The poor correlation observed in Figure 7 may 

also result from the narrow range of measured pH (most samples have a pH between 5.2 

and 6.7, Fig. 7).

Soil Organic Matter

! As is demonstrated by the positive correlation between %LOI and extractable Mn 

(Fig. 9), bioavailable Mn is associated with the presence of soil organic matter. This 

association is most clear in the unburned soil from Fourmile Canyon; %LOI correlates 

strongly with extractable Mn concentration in the soil profile (Figs. 10, 12). However, Mn 

concentrations range widely relative to %LOI throughout the watershed; soils that lost 

0-5% weight on ignition contain extractable Mn concentrations that vary from 1.2 to 50.5 

ppm (Fig. 9). This variability indicates that other soil processes are also important in 

determining the bioavailability of Mn. In part, the complexity of the relationship between 

soluble Mn and organic matter may be due to the ability of organic material to both return 
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soluble Mn to the soil reservoir as it decomposes and to chelate the soluble Mn ions 

present in the soil, making them unavailable to plants. 

! The concentration of extractable Mn in soils of the Green Lakes Valley in 

particular appears to be dependent on other soil processes; although %LOI varies 

throughout the soil profile, extractable Mn concentrations are consistently low (Figs. 11, 

13). This may reflect a loss of Mn from the high-elevation soils due to the high mean 

annual precipitation or other environmental factors. Alternatively, slow decomposition 

rates of organic material in the cold climate of the high-elevation site may result in an 

accumulation of organic material and relatively slow input of Mn. It is also possible that 

differences in the biological communities dominant in these high-elevation soils have 

different influences on soil-Mn concentrations; for example, needle-fall of conifers does 

not influence soils above tree line, where the vegetation is sparse and does not include 

needle-bearing trees.

! The samples from Betasso with high concentrations of Mn and high %LOI may 

reflect mixing of soil and fallen needles; the extractable Mn concentration of several of 

these samples is similar to the bulk concentration of Mn in the foliage samples collected 

in Betasso. Each of the Betasso soil samples that contain greater than 40% LOI (Fig. 8) 

are samples collected from the uppermost cm and may include varying proportions of soil 

and the organic litter on the soil surface.

! The discrepancy between %LOI and extractable Mn in the near-surface soils of 

the burned portion of Fourmile Canyon likely reflects the combustion of soil organic 

material during the fire and retention of Mn ions in the soil. 
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Exposure to Wildfire

! Manganese enrichment in near-surface soil samples of burned areas in Fourmile 

Canyon appears to reflect the release of Mn from vegetation as ash that was added to the 

soil surface during the fire. Based on the the calculated yearly input of Mn and on the 

pattern of enriched surface soils, needle-fall and decomposition of plant litter adds 

significant quantities of Mn to surface soils over the long term. Wildfires burn a large 

quantity of foliage as well as the accumulated duff layer on the soil surface in a very short 

time frame, releasing all of the Mn contained in needles and surface duff in a single event 

and dramatically increasing the bioavailable Mn concentrations in burned soils. 

! The discrepancy between the protected and exposed pits within the burned area of 

Fourmile Canyon demonstrates relatively rapid recovery from the post-fire condition; Mn 

concentration in the surface of the burned and exposed sample site is more similar to that 

of the unburned sample site (Fig. 19). This may result from increased microbial activity 

in the post-fire soil that rapidly converts soluble Mn to less soluble oxides (Smith et al., 

2011). Alternatively, the rapid recovery of bioavailable Mn concentrations may reflect the 

potential for mobilized Mn ions to be lost to surface runoff and groundwater flow. As is 

indicated by the low Mn concentration in the near-surface soil of the burned and exposed 

site, surface Mn concentrations may even decline following a fire due to leaching of Mn 

ions and erosion of Mn-rich sediment that results from increased surface runoff. This 

interpretation correlates with the high levels of Mn measured in solution in Fourmile 

Creek in the summer following the 2010 fire (Beganskas, 2012). Manganese-rich surface 

water poses an additional water quality concern in high-runoff post-wildfire 
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hydrogeological regimes and may lead to reduced nutrient availability for future forest 

growth in Fourmile Canyon.

! The similarity in extractable Mn concentrations between the three Fourmile 

Canyon soil treatments at depths greater than 10 cm indicate that the effect of the 

Fourmile Fire in increasing Mn availability was primarily concentrated in the near-

surface soils.

Topography

! Slope aspect does not have a strong influence on extractable Mn concentration in 

Betasso (Fig. 20). Mn concentration in soils of the south-facing slope of Betasso fall well 

within the range of Mn concentrations measured from samples taken on north-facing 

slopes in Betasso. Variations in Mn concentration within catchments may be more 

strongly dependent on location within a slope than on aspect; the three sample sites taken 

from a transect of a north-facing Betasso slope show a progressive decrease in 

bioavailable Mn closer to the ridge-top (Fig. 21). This suggests movement of Mn 

downslope either due to groundwater flow and runoff or to creep processes and 

downslope transport of the soil. Alternatively, increased biological productivity closer to 

the valley bottom may lead to a greater input of Mn from litter-fall in those areas; this 

interpretation requires a more thorough understanding of variations in forest communities 

within the catchment.

40



Vegetation

! Needle-fall of evergreen forests throughout the Boulder Creek watershed returns 

significant Mn to the soil surface (Table 3). These values generally increase with 

elevation, indicating an increasing tendency for higher-elevation plants to accumulate and 

store Mn in their foliar tissue. This trend appears to result primarily from increasing Mn 

concentrations within a species at high elevations, although more thorough sampling of 

the different species might also show Mn variation between species that are more 

dominant within different elevation ranges. The vegetation of the Green Lakes Valley is 

an exception to this trend, most likely resulting from the fact that samples taken in this 

catchment consisted of different vegetation types, including willow species (Salix spp), 

limber pine (Pinus flexilis) and spruce (Picea spp) that were not sampled in any of the 

lower elevation sites. 

! Assuming that the litter-fall rates summarized in Keane (2008) are approximately 

representative of Front Range forests, Gordon Gulch has the highest estimated input of 

Mn from litter-fall of the study catchments. This results from two factors; first, the 

dominant tree species in Gordon Gulch are characterized by the highest estimated 

litterfall rates, which corresponds to the high productivity of the montane climate. 

Second, the vegetation samples from Gordon Gulch have the highest Mn concentrations 

of all of the samples taken from the Boulder Creek watershed. 

! Assuming that Douglas fir and lodgepole pine are not significant species in 

Fourmile Canyon, the total yearly input of Mn from litterfall in this catchment would be 

approximately 24 mg/m2/year or 630 kg/year total in the entire 26 km2 burned area prior 

to the fire (Table 3). 
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! The magnitude of the yearly input of Mn by litter-fall in each of these watersheds 

is relatively small compared to the magnitude of total extractable Mn in the upper 40 cm 

of soil (6.74 g/m2 in Fourmile Canyon, 34.7 ± 5.02 g/m2 in Betasso, and 17.2 g/m2 in 

Gordon Gulch). This difference in magnitude indicates that Mn is sufficiently available 

for plant growth in each of these watersheds and that the yearly turnover of Mn by plants 

is of minor importance when compared with the steady soluble Mn concentration stored 

in the soil reservoir. It is likely that Mn input from litter-fall is significant on a longer 

time scale, and that fires may release of bioavailable Mn more rapidly by burning the 

accumulated organic material in the O-horizon as well as all of the living foliage. 

CONCLUSIONS

! Throughout the Boulder Creek watershed, Mn appears to be sufficiently available 

for forest growth. In most watersheds, Mn concentrations are correlated with the presence 

of organic material in the soil, indicating that organic matter is associated with 

bioavailability of Mn in the soil. This relationship varies between each of the study basins 

and is likely influenced by other soil processes.

! Climate also influences extractable Mn concentration; high yearly precipitation at 

high elevations may leach the soil of soluble Mn ions, resulting in lower Mn availability, 

while the limited precipitation at lower elevations may allow for a greater accumulation 

of soluble Mn in the soil profile. 

! Soil pH is not a reliable indicator of extractable Mn concentration in the Boulder 

Creek watershed, indicating that depth and the abundance of organic matter, climate 
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regime, exposure to wildfire, location on the slope and other factors are more important in 

influencing bioavailable Mn concentrations in soils of the Boulder Creek watershed. 

! Fire significantly affects Mn nutrient cycling in Front Range soils. Immediate 

release of all foliar Mn following fire adds significant extractable Mn to the soil, but 

increased sediment and ion mobility in post-fire soils may then release relatively high 

concentrations of soluble ions into stream systems.

! Consistent with the limited industrial activity of the region, bioavailable Mn in the 

Boulder Creek watershed is primarily controlled by natural processes and environmental 

factors rather than industrial activity.

FUTURE STUDY

! Future analysis of net primary productivity, trace element geochemistry in the 

stream systems, and Mn input from the atmosphere would increase our understanding of 

Mn cycling within the Boulder Creek watershed. Additionally, more thorough studies 

comparing bulk and extractable Mn concentrations in burned and unburned soils may 

provide a better understanding of the effect of wildfire on soil Mn in post-fire soils by 

indicating whether fire increases bioavailability primarily by increasing the bulk 

concentration, by altering availability of Mn already present in a system, or both. More 

thorough data collection and analysis of Mn concentration in response to variations in 

elevation and topography may also improve the statistical significance of these tests and 

better the understanding of these environmental controls on extractable Mn 

concentration.
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APPENDICES

Appendix 1: Soil sample data

Sample 
ID

pH Watershed Depth 
(cm)

Mn 
(ppm)

Burned 
(Y/N)

Post-fire 
Treatment

%LOI Slope 
Aspect

Elevation 
(m)

F22-1
F22-2
F22-4
F22-8
F22-12
F22-16
F22-20
F22-30
F22-40
F22-60
F23-1
F23-5
F23-10
F23-20
F23-30
F23-50
F26-1
F26-5
F26-10
F26-20
F26-30
F26-40
F26-60
B6-0
B6-5
B6-10
B6-20
B7-5
B7-10
B7-15
B7-25
B8-0
B8-5
B8-10
B8-15
B8-25
B15-0
B15-5

5.18 Fourmile 1 119.83 Y protected 8.53 N 2425
5.45 Fourmile 2 116.19 Y protected 8.00 N 2425
5.60 Fourmile 4 36.79 Y protected 11.56 N 2425
5.48 Fourmile 8 12.28 Y protected 5.54 N 2425
5.36 Fourmile 12 5.21 Y protected 5.57 N 2425
5.37 Fourmile 16 4.34 Y protected 3.70 N 2425
6.06 Fourmile 20 2.75 Y protected 4.45 N 2425
6.07 Fourmile 30 3.83 Y protected 4.57 N 2425
6.24 Fourmile 40 3.80 Y protected 5.80 N 2425
6.07 Fourmile 60 6.70 Y exposed 5.25 N 2425
5.94 Fourmile 1 61.99 Y exposed 5.77 N 2422
5.86 Fourmile 5 5.38 Y exposed 5.66 N 2422
6.50 Fourmile 10 4.02 Y exposed 4.35 N 2422
6.17 Fourmile 20 2.23 Y exposed 2.21 N 2422
6.69 Fourmile 30 3.06 Y exposed 2.14 N 2422
6.37 Fourmile 50 3.36 Y exposed 2.51 N 2422
6.37 Fourmile 1 74.83 N 57.08 N 1960
6.40 Fourmile 5 3.43 N 4.26 N 1960
6.85 Fourmile 10 2.38 N 3.65 N 1960
6.43 Fourmile 20 1.72 N 3.13 N 1960
6.48 Fourmile 30 1.17 N 2.78 N 1960
5.81 Fourmile 40 1.80 N 2.68 N 1960
6.32 Fourmile 60 2.70 N 3.67 N 1960
6.10 Betasso 0 27.35 N 9.51 N 1912
6.48 Betasso 5 17.21 N 4.89 N 1912
6.70 Betasso 10 6.42 N 3.15 N 1912
6.65 Betasso 20 8.96 N 2.16 N 1912
5.50 Betasso 5 89.56 N 6.43 N 1883
5.93 Betasso 10 41.30 N 7.25 N 1883
6.45 Betasso 15 17.22 N 5.71 N 1883
6.48 Betasso 25 18.02 N 1.43 N 1883
5.22 Betasso 0 89.33 N 54.15 N 1866
5.33 Betasso 5 76.16 N 17.46 N 1866
5.30 Betasso 10 90.12 N 13.99 N 1866
5.75 Betasso 15 57.01 N 8.97 N 1866
5.82 Betasso 25 5.86 N 4.50 N 1866
5.37 Betasso 0 73.33 N 44.40 N 1870
5.42 Betasso 5 41.65 N 5.61 N 1870
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Sample 
ID

pH Watershed Depth 
(cm)

Mn 
(ppm)

Burned 
(Y/N)

Post-fire 
Treatment

%LOI Slope 
Aspect

Elevation 
(m)

B15-10
B15-20
B15-30
B15-40
B15-60
B16-0
B16-5
B16-10
B16-15
B16-30
B17-5
B17-10
B17-20
B17-30
B17-40
G10-5
G10-10
G10-20
G10-30
G10-50
G10-70
GL-5A
GL-5
GL-15
GL-25
GL35
GL-45
GL-70

4.63 Betasso 10 33.37 N 4.12 N 1870
5.34 Betasso 20 48.90 N 3.68 N 1870
5.66 Betasso 30 32.03 N 4.83 N 1870
5.82 Betasso 40 31.65 N 4.06 N 1870
5.50 Betasso 60 18.15 N 3.76 N 1870
5.31 Betasso 0 58.84 N 80.44 S 1954
5.09 Betasso 5 40.11 N 3.93 S 1954
4.73 Betasso 10 27.70 N 4.33 S 1954
5.77 Betasso 15 24.71 N 5.45 S 1954
5.82 Betasso 30 32.66 N 5.73 S 1954
5.56 Betasso 5 50.47 N 3.50 S 1935
5.66 Betasso 10 27.22 N 3.04 S 1935
5.52 Betasso 20 18.61 N 3.82 S 1935
5.71 Betasso 30 24.20 N 2.92 S 1935
5.55 Betasso 40 23.79 N 4.23 S 1935
5.01 Gordon Gulch 5 62.68 N 7.76 S 2508
6.00 Gordon Gulch 10 15.55 N 4.44 S 2508
5.24 Gordon Gulch 20 2.07 N 3.83 S 2508
6.20 Gordon Gulch 30 1.33 N 2.80 S 2508
6.18 Gordon Gulch 50 1.20 N 2.46 S 2508
6.17 Gordon Gulch 70 5.78 N 4.21 S 2508
5.74 Green Lakes 5 3.13 N 15.17 S 3452
5.56 Green Lakes 15 0.66 N 5.42 S 3452
5.39 Green Lakes 25 0.70 N 7.08 S 3452
6.21 Green Lakes 35 0.69 N 11.43 S 3452
6.26 Green Lakes 45 0.58 N 8.50 S 3452
6.10 Green Lakes 55 0.67 N 3.94 S 3452
6.25 Green Lakes 80 0.74 N 1.72 S 3452
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Appendix 2: Vegetation sample data
Sample ID Species Watershed Burned (Y/N) Mn (ppm)

GLWB
GL12WB
GL12S
GL12W
G2P
G2L
G3L
G4L
G5P
G5D
G9D
G9L
G10L
G13D
G14L
B6P
B6J
B7P
B7D
B8P
B8J
B15P
B16P
B17P
B18P
B18D
B19P
B19D
B20P
B27P
B27J
B28P
B28D
FDP
FGP
FDF
FBL
FGL
F25DP
F25BDF
F26D
F26J
FBP2

Limber Pine Green Lakes N 73
Limber Pine Green Lakes N 75
Spruce Green Lakes N 179
Willow Green Lakes N 164
Ponderosa Gordon Gulch N 119
Lodgepole Gordon Gulch N 139
Lodgepole Gordon Gulch N 125
Lodgepole Gordon Gulch N 149
Ponderosa Gordon Gulch N 156
Douglas Fir Gordon Gulch N 152
Douglas Fir Gordon Gulch N 209
Lodgepole Gordon Gulch N 215
Lodgepole Gordon Gulch N 179
Douglas Fir Gordon Gulch N 155
Lodgepole Gordon Gulch N 126
Ponderosa Betasso N 106
Juniper Betasso N 56
Ponderosa Betasso N 65
Douglas Fir Betasso N 151
Ponderosa Betasso N 96
Juniper Betasso N 105
Ponderosa Betasso N 98
Ponderosa Betasso N 93
Ponderosa Betasso N 99
Ponderosa Betasso N 89
Douglas Fir Betasso N 99
Ponderosa Betasso N 80
Douglas Fir Betasso N 93
Ponderosa Betasso N 138
Ponderosa Betasso N 119
Juniper Betasso N 122
Ponderosa Betasso N 90
Douglas Fir Betasso N 83
Ponderosa Fourmile Y 53
Ponderosa Fourmile N 69
Douglas Fir Fourmile Y 66
Lodgepole Fourmile Y 52
Lodgepole Fourmile N 72
Ponderosa Fourmile Y 110
Douglas Fir Fourmile Y 89
Douglas Fir Fourmile N 129
Juniper Fourmile N 96
Ponderosa Fourmile Y 63
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Sample ID Species Watershed Burned (Y/N) Mn (ppm)
FGP2
FJ2
FD2
BPF 105 BJ
FBDF

Ponderosa Fourmile N 73
Juniper Fourmile N 75
Douglas Fir Fourmile N 76
Juniper Fourmile Y 73
Douglas Fir Fourmile Y 79
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