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oxidize and volatilize essential plant elements. Soil productivity as well as stream-water quality can thus be
adversely affected by fire (Belillas and Feller, 1998).
Soil organic matter has a great capacity for cation
adsorption in mineral soils. Fire, especially of high severity or long duration, can result in volatilization of nutrients held on the exchange sites of organic matter. The
amount of nutrients lost due to soil heating is dependent
on the depth of penetration of volatilizing temperatures.
Soil organic matter can begin to be lost at temperatures
below 100⬚C while 85% can be lost at temperatures of
200 to 300⬚C (DeBano et al., 1998). Nutrients with low
volatilization temperatures, notably N and S, can be lost
at relatively low temperatures as well. Whereas S can
be volatilized at 300⬚C, N can begin to volatilize at temperatures as low as 200⬚C (Fisher and Binkley, 2000).
Because most soil N is contained in organic matter, the
amount of N lost by volatilization is very closely related
to the amount of organic matter lost (DeBano et al.,
1998). Those nutrients with high volatilization temperatures (i.e., ⬎1000⬚C), such as Ca, K, and Mg, are usually
incorporated into ash (Covington and Sackett, 1984;
Fisher and Binkley, 2000). These nutrients may thus
show an increase in concentration at or immediately
below the soil surface where they are subject to movement by wind and/or water erosion (Wells et al., 1979).
After severe fire, the loss of plant nutrients and destabilization of soils can inhibit plant regeneration resulting
in increased runoff and erosion. The greater the soil
heating, the slower the recovery of vegetation and organic matter pools, which are essential for reducing erosion potential on bare soil. Detrimental changes in soil
characteristics such as water holding capacity, porosity,
and infiltration rate can result in decreased ecosystem
sustainability (Neary et al., 1999). Surface runoff can
increase by as much as 70% when less than 10% of the
soil surface is covered with plants and litter. Erosion
can be three or more times greater in burned areas
(Robichaud et al., 2000). Severe fire can also cause vaporization of organic substances in the upper soil layers.
These substances then move downward in the soil and
condense in the cooler underlying layers, causing a temporary (one to three years) water-repellent layer at that
depth. The more severe the fire, the deeper in the soil
the water-repellent layer develops. Coarse soil textures
also can result in a deeper water-repellent layer. Once
a water-repellent layer is formed, water can only infiltrate the soil to that point (DeBano et al., 1998). Thus,
intense and/or prolonged rainstorms can cause signifi-
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Soil stability and revegetation is a great concern following forest
wildfires. Biosolids application might enhance revegetation efforts
and enhance soil stability. In May 1997, we applied Metro Wastewater
Reclamation District (Denver, CO, USA) composted biosolids at
rates of 0, 5, 10, 20, 40, and 80 Mg ha⫺1 to a severely burned, previously
forested site near Buffalo Creek, CO to improve soil C and N levels
and help establish eight native, seeded grasses. The soils on the site
belong to the Sphinx series (sandy-skeletal, mixed, frigid, shallow
Typic Ustorthents). Vegetation and soils data were collected for four
years following treatment. During the four years following treatment,
total plant biomass ranged from approximately 50 to 230 g m⫺2 and
generally increased with increasing biosolids application. The percentage of bare ground ranged from 4 to 58% and generally decreased
with increasing biosolids rate. Higher rates of biosolids application
were associated with increased concentrations of N, P, and Zn in
tissue of the dominant plant species, streambank wheatgrass [Elymus
lanceolatus (Scribn. & J.G. Sm) Gould subsp. lanceolatus], relative
to the unamended, unfertilized control. At two months following
biosolids application (1997), total soil C and N at soil depths of 0 to
7.5, 7.5 to 15, and 15 to 30 cm showed significant (P ⬍ 0.05) linear
increases (r2 ⬎ 0.88) as biosolids rate increased. The surface soil layer
also showed this effect one year after application (1998). For Years
2 through 4 (1999–2001) following treatment, soil C and N levels
declined but did not show consistent trends. The increase in productivity and cover resulting from the use of biosolids can aid in the rehabilitation of wildfire sites and reduce soil erosion in ecosystems similar
to the Buffalo Creek area.

W

ith the settlement of the West and subsequent
fire suppression starting in the early 1900s, fuels
accumulated in forested lands. The accumulation of
fuels has resulted in more frequent high-intensity, standreplacing forest fires than before the early 1900s (Caldwell et al., 2002).
Fire may adversely affect the physical, biological, and
chemical aspect of forested systems, depending on the
intensity and duration of the heat produced, the degree
of biotic destruction, and climatic conditions at the time
of fire (Neary et al., 1999). DeBano et al. (1998) have
shown that a moderate to severe fire can result in soil
surface temperatures greater than 500⬚C and temperatures greater than 400⬚C at a 25-mm depth, which can
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cant runoff, which in turn can lead to extensive erosion.
Areas that have experienced substantial erosion due to
fire are less productive and become difficult sites for
vegetation establishment. Additionally, due to the immediate increase in available N (NH4–N) and a decrease
in soil organic matter, annual plant species may invade
the site (Hobbs, 1991). If remediation of these lands is
not attempted, the effects of fire and flooding may cause
long-term degradation of plant community productivity,
soil stability, and water quality.
Rehabilitation of ecosystems using biosolids is common. Research has been conducted on the effects of
municipal biosolids application as fertilizer and soil
amendment on forest and agricultural lands since the
1970s. Several studies have shown that biosolids significantly increased total forest production (Cole et al.,
1986; Harrison et al., 2002; Luxmoore et al., 1999; Binkley, 1986). Biosolids can improve soil structure, increase
soil water retention and nutrient levels, and enhance
root penetration (Rigueiro-Rodriguez et al., 2000). A
study by Jurado and Wester (2001) found that biosolids
not only increased forage production, but improved forage quality as well. Accompanying this increase in production would be an increase in total leaf area, which
is important in reestablishing pre-fire hydrologic conditions to burned sites (Fisher and Binkley, 2000). Biosolids has been shown to alleviate erosion when applied
to land degraded by mining activities (Sort and Alcaniz,
1996). Meyer et al. (2001) found that increased vegetative cover due to biosolids application reduced sediment
yield from runoff in the Buffalo Creek wildfire area. Other
studies have shown that biosolids can increase biomass
production on over-grazed rangelands and semiarid
shrublands, as well as on desert areas (Pierce et al., 1998;
Harris-Pierce et al., 1993; Jurado and Wester, 2001).
Forest ecosystems are commonly limited by N (Henry
and Cole, 1994; Newland and DeLuca, 2000; Caldwell
et al., 2002). Biosolids supply N over an extended period,
commonly one to two years, through mineralization of
the organic nitrogen, depending on the form of the biosolids applied and other environmental factors (Cowley
et al., 1999; Gilmour et al., 1996; White et al., 1997;
Zebarth et al., 2000).
Past biosolids research has focused on application
rates that not only enhance forest productivity, but also
supply macro- and micronutrients (Harrison et al., 1996;
Aschmann et al., 1990). Greenhouse experiments have
shown that biosolids can increase the rate of vegetation
recovery of burnt soils (Villar et al., 1998). However,
no available research has focused on the application of
biosolids for post-fire forest rehabilitation.
Our objective was to determine the effects of a onetime application of up to 80 Mg dry composted biosolids
ha⫺1 on ecosystem recovery as measured by changes in
plant canopy cover, biomass production, plant tissue
and soil concentrations of N, P, and Zn, and total soil
C and N contents at the Buffalo Creek wildfire site. We
hypothesized that the use of biosolids on this severely
burned site would result in accelerated seeded grass
growth. We predicted that the addition of biosolids
would increase plant biomass production because simi-

lar post-fire sites are usually nutrient limited for optimum plant growth. A second prediction was that biosolids would increase plant concentrations of N, P, and Zn
and total soil C and N content because biosolids contain
substantial amounts of these elements relative to postfire surface soil horizons.
MATERIALS AND METHODS
The study was conducted at the 1996 Buffalo Creek wildfire
site in Pike National Forest approximately 45 km south-southwest of Denver, CO. The site is located at 39⬚22⬘4.4″ N,
105⬚14⬘26.5″ W at an average elevation of 2235 m. Mean annual precipitation at the site is 520 mm and mean annual
temperature is 8⬚C. Nearly 75% of the annual precipitation
occurs in spring or summer, while fall and winter months are
drier (Marr, 1967). The Buffalo Creek wildfire of May 1996
was a high-intensity, fast-moving, stand-replacing crown fire
that burned approximately 4900 ha of forested land. The predominant tree species in the Buffalo Creek area are ponderosa
pine (Pinus ponderosa D.&C. Laws. var. scopulorum Engelm.),
a fire-adapted species, which is associated with Douglas-fir
(Pseudotsuga menziesii [Mirb.] Franco.), a non-fire-adapted
species, and an understory of fire-adapted species that depend
on specific fire regimes for regeneration, disease and pest
control, and ecological succession. However, because this was
a high-burn-severity fire, as indicated by complete destruction
of the litter and duff, all plant cover was destroyed, and a strong
water-repellency layer formed, leaving the site susceptible to
erosion and further degradation. Two months following the fire,
the site received high-intensity rainfall in a short period from
a localized thunderstorm. Local news reported subsequent erosion and flooding caused two deaths and more than $5 million
in property damage as well as losses of valuable topsoil. Even
though fire is a natural part of these ecosystems, unprotected
slopes on burned areas can result in catastrophic events.
Soils at the study site are developed from Pike’s Peak granite, and are contained in the Sphinx soil series (USDA Forest
Service and Soil Conservation Service, 1983). These soils are
typically up to 25 cm deep, well drained, have low water
holding capacity, gravel content of 15 to 75%, are slightly
acidic to neutral pH, and exhibit a low shrink–swell potential.
The A horizon is generally at 0 to 10 cm and consists of dark
brown, gravelly coarse sandy loam. The AC horizon at 10 to
25 cm is yellowish brown, very gravelly loamy coarse sand.
The Cr horizon is from 25 to 150 cm and consists of weathered
granite. Typical slopes at the site range from 25 to 50%.
Dominant late successional vegetation of these soils is typically ponderosa pine and Douglas-fir with an understory of
kinnikinnick [Arctostaphylos uva-ursi (L.) Spreng.], common
juniper (Juniperus communis L.), Fendler’s ceanothus (Ceanothus fendleri Gray), and mixed perennial grasses and forbs.
Average annual understory production of dried plant biomass
ranges from 17 to 34 g m⫺2 (USDA Forest Service and Soil
Conservation Service, 1983).
The study site contains a total of 24 treatment plots, each
300 to 500 m long and 3 m wide, with a distance of approximately 15 m between each plot. The experimental design was
completely randomized with four replicates of six treatments
for a total of 24 plots. Metro Wastewater Reclamation District
(Metro) used a Fiatallis (Carol Stream, IL) 21C bulldozer
along the contours to prepare the plots so that the biosolids
could safely be applied; very little soil disturbance occurred
during this phase. Plots either received no biosolids (control)
or composted biosolids (5, 10, 20, 40, or 80 dry Mg ha⫺1)
from Metro in May 1997. Metro’s compost is a mixture of
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anaerobically digested centrifuged biosolids, fresh wood products, and recycled compost. Composting occurs in a static
aerated pile for greater than 28 d. Metro’s compost meets
USEPA 40 CFR 503’s Table 3 and Class A requirements. The
nutrient and trace metal composition of these biosolids is
presented in Table 1. Composted biosolids application was
accomplished using Metro’s calibrated Morlang rear-discharge
spreader. Biosolids were incorporated in the soil to a depth
of 10 to 20 cm with a 4.0-m-wide Domries (Madera, CA) disc
with 0.9-m-diameter discs at 1340 kg m⫺1. Control plots were
also disced to a depth of 10 to 20 cm. Average soil bulk
densities (determined in 2000) were 1.4, 1.3, 1.4, 1.3, 1.5, and
1.1 g cm⫺3 for the 0, 5, 10, 20, 40, and 80 Mg biosolids ha⫺1
treatments, respectively.
We hand-seeded each plot with a mixture of native grasses
at the rate of 27 kg pure live seed ha⫺1 following biosolids
application. The seeded species from “The Buffalo Creek
Mix” Lot 34071 included slender wheatgrass [Elymus trachycaulus (Link) Gould ex Shinners], 23.41% w/w; thickspike
wheatgrass [Elymus macrourus (Turcz.) Tzvelev], 23.65% w/w;
streambank wheatgrass, 14.05% w/w; green needlegrass [Nassella viridula (Trin.) Barkworth], 14.49% w/w; mountain brome
(Bromus marginatus Nees ex Steud.), 9.87% w/w; Canby bluegrass [Poa canbyi (Scribn.) Howell], 5.05% w/w; Idaho fescue
(Festuca idahoensis Elmer), 3.75% w/w; Arizona fescue (Festuca arizonica Vasey), 1.01% w/w; undefined crop, 0.98% w/w;
non-noxious weed, 0.21% w/w; and inert, 3.53% w/w. After
biosolids application, discing, and seeding, a weighted chain
link fence was dragged on the surface of all plots to cover the
seed and smooth the soil.
We collected plant biomass, plant cover information, and
plant tissue samples in July 1998, 1999, 2000, and 2001. We
determined aboveground plant biomass using 15 randomly
placed 0.5-m2 quadrats in each treatment plot. An additional
four reference plots located between treatment plots were
sampled beginning in 1999. Plant biomass was harvested at
ground level in each quadrat, separated by species, and placed
in labeled paper bags. Following field collection, harvested
plant material was oven-dried at 60⬚C until constant mass, and
then weighed.
Plant canopy cover was determined by species using randomly placed 100-m line transects in each plot and reference
area. Plant cover was measured at 1-m intervals (100 points
per transect) by the categories; plant species, bare ground,
litter, and rock (Bonham, 1989). We collected plant tissue
samples of the dominant species, streambank wheatgrass, and
analyzed the samples for N content using a LECO (St. Joseph,
MI) 1000 CHN auto analyzer (Nelson and Sommers, 1996).
Streambank wheatgrass tissue samples were also analyzed for
P and Zn using HNO3 digestion (Ippolito and Barbarick, 2000)
followed by analysis by inductively coupled plasma atomic
emission spectroscopy (ICP–AES; USEPA, 1986).
Composited (three to five random samples per plot; individual samples were taken at 100-m intervals) soil samples were
collected from 0 to 7.5, 7.5 to 15, and 15 to 30 cm in 1997
(two months following biosolids application) through 2001 in
each plot and placed in plastic sealable bags. The soil samples
were composited by volume, sieved (⬍2 mm), and air-dried
following the sampling event. We determined sieved total soil
C and N by using a LECO 1000 CHN auto analyzer (Nelson
and Sommers, 1996).
All plant parameters were compared with control plots
(no biosolids applied) for all years using standard analysis of
variance procedures (SAS Institute, 2001). We analyzed the
effects of biosolids on total soil C and N for each sampling
and each depth using linear regression analyses.
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Table 1. Nutrient and trace metal composition (dry weight basis;
USEPA, 1986) of Metro Wastewater Reclamation District
composted biosolids applied to the Buffalo Creek wildfire site,
May 1997.
Constituent

Value
g kg⫺1
51.0
5.22
0.45
0.90
3.6
32.0
14.0
10.0
mg kg⫺1
22.2
3.1
1.6
1.6
74.5
14.3
386
490
63.9
15.9
3.9
134
211
33.5
338

Organic N
NH4–N
NO3–N
Na
K
P
Al
Fe
Ag
As
Hg
Se
Pb
V
Cu
Zn
Ni
Mo
Cd
Cr
Sr
B
Ba

RESULTS AND DISCUSSION
Plant biomass production increased with increasing
application rates of biosolids all four years of the study
(Fig. 1). For 1998, highest production was 222 g m⫺2 on
plots with the highest application rate of biosolids, in
1999 production in the same plots was 202 g m⫺2, in
2000 total production was 100 g m⫺2, and in 2001 production at the highest treatment rate was 76 g m⫺2. All
biomasses for all years and all treatments exceeded the
understory biomass production of 17 to 34 g m⫺2 reported by the USDA Forest Service and Soil Conservation Service (1983). Maximum total biomass for all years
occurred at the highest treatment rate. Increasing biomass production with increasing biosolids rate is similar
to the results reported by Fresquez et al. (1990) on a
degraded plant community in New Mexico in which they
used biosolids to increase yield and cover of grasses.
Navas et al. (1999) reported that productivity increased
significantly with increasing biosolids addition on semiarid degraded lands in Spain. Nutrients added to the
soil by biosolids application, especially N and P, can
favor biomass production. Redente et al. (1984) reported that moderate fertilization rates of N and P improved the production of grasses on a disturbed site in
northwestern Colorado.
All treatment plots showed a similar decline in total
production that averaged 13% from 1998 to 1999, 49%
from 1999 to 2000, and 40% from 2000 to 2001. A portion of the biomass decline over time is probably due
to the mineralization of biosolids and the depletion of
N and P. Additionally, the study site received belownormal precipitation from late June through mid-July
1999. In 2000, the May, June, and July growing season
precipitation was only 58% of normal, while rainfall in
July 2001 was 61% of normal (Colorado Climate Center,
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Fig. 1. Mean annual plant production in post-fire study plots at the Buffalo Creek wildfire site amended with biosolids and adjacent intra-plot
reference areas. Thin bars represent the standard errors of the means (n ⫽ 4). Letters above the bars indicate significant differences between
treatments within a year as indicated by a Fisher’s least significant difference test. Reference areas were not sampled in 1998.

2002; Moody and Martin, 2001). Because sampling took
place during the period of peak production, which is
late July at this elevation in Colorado, it is likely that
the lack of moisture during the growing season contributed to this decline. In their study of drought effects on
dry matter production in Africa, Moolman et al. (1996)
reported that drought stress induced by 15 d without
water resulted in production declines ranging from 35
to 78%. A biosolids study by Benton and Wester (1998)
concluded that a decline in production of two grasses
was due to below-average rainfall.
Seeded grasses generally accounted for more than
90% of total biomass production during the study
(Fig. 2). Streambank wheatgrass was the most responsive species to the application of biosolids. Forb and
shrub production were not significantly altered with increased biosolids application rates in the seeded plots
during any of the four years. Doerr et al. (1983) reported
that lack of response by forbs in fertilized seeded plant
communities was a result of increased grass competition
resulting from higher N availability.
Despite the elevated nutrient status of the biosolidsamended soils in this study, we did not observe an increase in invasive plant species (Fig. 3); this may have
been from several environmental factors including increased competition from seeded grasses. Four years
after composted biosolids amendments, there was significantly more invasive species biomass in the control
plots relative to the 10, 20, or 80 Mg ha⫺1 biosolids
treatments. Total plant cover generally increased with
biosolids application rates in three of the four years
(Fig. 4). In 2001, plant cover was highest at the applica-

tion rate of 40 Mg ha⫺1. Canopy cover of forbs and
shrubs showed no change with increasing application
rates of biosolids in any year (Meyer, 2000). Biosolids
did not significantly influence plant cover in 2000, three
years following application. Again, in part due to the
significant decrease in late growing season precipitation
from 1998 to 2001, plant growth was restricted. Litter
accumulated in each of the years (data not shown);
consequently, percent bare ground decreased with increasing biosolids rates in all four years (Fig. 5).
Plant tissue N and P concentrations of streambank
wheatgrass increased with increasing application rates
of biosolids in 1998 (Fig. 6). Because biosolids contain
plant-available N and P, this increase in plant-tissue
nutrient concentration was expected. Increases in tissue
concentrations of nutrients, particularly N and P, can
significantly enhance forage quality and improve nutrient cycling. At the higher application rates, biosolids
continued to promote elevated tissue N and P concentrations, even after four years (Fig. 6).
Similarly, Zn concentrations of seeded grasses generally increased with increasing biosolids (Fig. 6). According to Kabata-Pendias and Pendias (1984), the deficiency range for tissue Zn is 10 to 20 mg kg⫺1. In this
study, tissue Zn concentrations in unamended control
plots were generally within this deficiency range, indicating that the application of Metro biosolids above this
rate provided a Zn source that helped correct potential
plant Zn deficiency. Tissue Zn concentrations in the
biosolids-amended plots were well below the Zn phytotoxicity thresholds for native perennial grasses reported
by Paschke et al. (2000).
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Fig. 2. Mean relative biomass of grass species that were seeded in post-fire study plots at the Buffalo Creek wildfire site amended with biosolids
and adjacent unamended (and unseeded) reference areas. Thin bars represent the standard errors of the means (n ⫽ 4). Letters above the
bars indicate significant differences between treatments within a year as indicated by a Fisher’s least significant difference test. Reference
areas were not sampled in 1998.

Fig. 3. Mean relative biomass of invasive plant species in post-fire study plots at the Buffalo Creek wildfire site amended with biosolids and
adjacent unamended reference areas. Thin bars represent the standard errors of the means (n ⫽ 4). Letters above the bars indicate significant
differences between treatments within a year as indicated by a Fisher’s least significant difference test. Invasive species are those defined as
such by USDA Natural Resources Conservation Service (2002). Reference areas were not sampled in 1998.
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Fig. 4. Mean percentage of plant cover in post-fire study plots at the Buffalo Creek wildfire site amended with biosolids and adjacent unamended
reference areas. Thin bars represent the standard errors of the means (n ⫽ 4). Letters above the bars indicate significant differences between
treatments within a year as indicated by a Fisher’s least significant difference test.

Fig. 5. Mean percentage of bare ground in post-fire study plots at control and biosolids-amended post-fire study plots at the Buffalo Creek
wildfire site and adjacent unamended reference areas. Thin bars represent the standard errors of the means (n ⫽ 4). Letters above the bars
indicate significant differences between treatments within a year as indicated by a Fisher’s least significant difference test.
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Fig. 6. Mean concentration of (A) nitrogen, (B) phosphorus, and (C)
zinc in the aboveground tissue of streambank wheatgrass collected
from control and biosolids-amended post-fire study plots at the
Buffalo Creek wildfire site. Thin bars represent the standard errors
of the means (n ⫽ 4). Letters above the bars indicate significant
differences between treatments within a year as indicated by a
Fisher’s least significant difference test.

As shown in Fig. 7, total C increased significantly
(P ⬍ 0.05) at two months (1997) following treatment
in all three sampling depths as biosolids rate increased.
The C additions were 0, 1.6, 3.3, 6.5, 13.0, and 26.1 Mg
ha⫺1 for the 0, 5, 10, 20, 40, and 80 Mg biosolids ha⫺1
rates, respectively. We did not complete a C mass-balance budget in 1997 because we did not have the associated bulk densities for each plot. We could not follow
the mass of C losses over time since bulk density varied
within plots and changed each year, and we only had
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Fig. 7. Total soil C concentration for the 0- to 7.5-, 7.5- to 15-, and
15- to 30-cm depths in control and biosolids-amended post-fire
study plots at the Buffalo Creek wildfire site for 1997 through
2001. Significant (P ⬍ 0.05) regression curves and equations are
illustrated for each depth and year.

detailed bulk density values for 2000. The 1997 regression analyses, however, indicate a close association between biosolids rate and C content in the top 30 cm of
soil. We observed a significant biosolids-rate effect in
1998 at 0 to 7.5 cm, in 2001 at 7.5 to 15 cm, and in 2000
at 15 to 30 cm. After 1997, however, we did not find
consistent trends at any depth. Apparently, the biosolids
C additions had undergone mineralization.
The total N regression analyses for all depths (Fig. 8)
paralleled the total C results (Fig. 7) at two months
following treatment. The N additions were 0, 0.095,
0.190, 0.380, 0.760, and 1.52 Mg ha⫺1 for the 0, 5, 10,
20, 40, and 80 Mg biosolids ha⫺1 rates, respectively. We
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Mg ha⫺1) increased plant biomass production relative to
the untreated, unfertilized control (0 Mg ha⫺1) in all
years of the study. Biosolids were also associated with
an initial increase in plant cover and longer-term (fouryear) decrease in percentage of bare ground. Increases
in plant biomass and cover associated with biosolids
were attributed largely to responses by the seeded grass
species, and most notably in streambank wheatgrass.
These changes in the plant community corresponded
with increases in soil C and N with increasing biosolids application.
Significant increases in biomass production and reductions in percent bare ground generally occurred with
biosolids application rates of 20 to 40 Mg ha⫺1. To provide effective plant growth and soil cover, we recommend application rates of 20 to 40 Mg biosolids ha⫺1.
The increase in productivity and cover resulting from
the use of biosolids can aid in the rehabilitation of wildfire sites and reduce soil erosion in ecosystems similar
to the Buffalo Creek area.
ACKNOWLEDGMENTS
We thank the USEPA; USDA Pike National Forest, South
Platte Ranger District; Colorado Department of Public
Health; Metro Wastewater Reclamation District; and the Colorado Agricultural Experiment Station (Project 15-2924) for
their support of this research.

REFERENCES

Fig. 8. Total soil N concentration for the 0- to 7.5-, 7.5- to 15-, and
15- to 30-cm depths in control and biosolids-amended post-fire
study plots at the Buffalo Creek wildfire site for 1997 through
2001. Significant (P ⬍ 0.05) regression curves and equations are
illustrated for each depth and year.

found significant biosolids effects for the 1998 total N
in the top two soil depths. After 1998, biosolids ceased
to influence the total N content at any depth. Again, it
seems that the N declined because of mineralization.
As mentioned for total soil C, we could not complete
a N mass-balance budget. The 1997 regression analyses,
however, again illustrated a significant relationship between biosolids rate and total N.

CONCLUSIONS
Application of composted biosolids to the Buffalo
Creek wildfire study plots in 1997 produced significant
increases in plant biomass. The highest biosolids rate (80

Aschmann, S., M. McIntosh, J. Angle, R. Hill, and R. Weil. 1990.
Nitrogen status of forest floor, soils, and vegetation following municipal wastewater sludge application. J. Environ. Qual. 19:687–694.
Belillas, C., and M. Feller. 1998. Relationships between fire severity
and atmospheric and leaching nutrient losses in British Columbia’s
coastal western hemlock zone forests. Int. J. Wildland Fire
8:87–101.
Benton, M., and D. Wester. 1998. Biosolids effects on tobosagrass
and alkali sacaton in a Chihuahuan Desert grassland. J. Environ.
Qual. 27:199–208.
Binkley, D. 1986. Forest nutrition management. John Wiley & Sons,
New York.
Bonham, C. 1989. Measurements for terrestrial vegetation. John Wiley & Sons, New York.
Caldwell, T., D. Johnson, W. Miller, and R. Qualls. 2002. Forest floor
carbon and nitrogen losses due to prescription fire. Soil Sci. Soc.
Am. J. 66:262–267.
Cole, D., C. Henry, and W. Nutter. 1986. The forest alternative for
treatment and utilization of municipal and industrial wastewater
and sludge. Univ. of Washington Press, Seattle.
Colorado Climate Center. 2002. Colorado Climate Center [Online].
Available at http://ccc.atmos.colostate.edu/ (verified 10 Feb. 2004).
Atmos. Sci. Dep., Colorado State Univ., Ft. Collins.
Covington, W., and S. Sackett. 1984. The effect of a prescribed burn
in southwestern ponderosa pine forest on organic matter and nutrients in woody debris and forest floor. For. Sci. 30:183–192.
Cowley, N., D. Thompson, and C. Henry. 1999. Nitrogen mineralization study: Biosolids, manures, composts. p. 1–6. In C. Henry et
al. (ed.) Managing nitrogen from biosolids. Washington State Dep.
of Ecology and Northwest Biosolids Manage. Assoc., Univ. of
Washington Press, Seattle.
DeBano, L., D. Neary, and P. Ffolliott. 1998. Fire’s effects on ecosystems. John Wiley & Sons, New York.
Doerr, T., E. Redente, and T. Sievers. 1983. Effects of cultural practices on seeded plant communities on intensively disturbed communities. J. Range Manage. 36:423–428.
Fisher, R., and D. Binkley. 2000. Ecology and management of forest
soils. John Wiley & Sons, New York.
Fresquez, P., R. Francis, and G. Denis. 1990. Soil and vegetation

Reproduced from Journal of Environmental Quality. Published by ASA, CSSA, and SSSA. All copyrights reserved.

MEYER ET AL.: BIOSOLIDS APPLICATION FOLLOWING FOREST FIRE

responses to sewage sludge on a degraded semiarid broom snakeweed/blue grama plant community. J. Range Manage. 43:325–331.
Gilmour, J., M. Clark, and S. Daniel. 1996. Predicting long-term decomposition of biosolids with a seven-day test. J. Environ. Qual.
25:766–770.
Harrison, R., S. Gessel, D. Zabowski, C. Henry, D. Xue, D. Cole,
and J. Compton. 1996. Mechanisms of negative impacts of three
forest treatments on nutrient availability. Soil Sci. Soc. Am. J.
60:1622–1628.
Harrison, R., E. Turnblom, C. Henry, P. Leonard, R. King, and R.
Gonyea. 2002. Response of three young Douglas-fir plantations to
forest fertilization with low rates of municipal biosolids. J. Sustain.
For. 14:21–31.
Harris-Pierce, R., E. Redente, and K. Barbarick. 1993. The effect of
sewage sludge application on native rangeland soils and vegetation:
Fort Collins-Meadow Springs Ranch. Colorado Agric. Exp. Stn.
Tech. Rep. TR 93-6. Colorado State Univ., Ft. Collins.
Henry, C., and D. Cole. 1994. Biosolids utilization in forest lands. p.
89–94. In C.E. Clapp, W.E. Larson, and R.H. Dowdy (ed.) Sewage
sludge: Land utilization and the environment. ASA, CSSA, and
SSSA, Madison, WI.
Hobbs, R. 1991. Disturbance as a precursor to weed invasion in native
vegetation. Plant Prot. Q. 6:99–104.
Ippolito, J.A., and K.A. Barbarick. 2000. Modified nitric acid plant
tissue digest method. Commun. Soil Sci. Plant Anal. 31:2473–2482.
Jurado, P., and D. Wester. 2001. Effects of biosolids on tobosagrass
growth in the Chihuahuan desert. J. Range Manage. 54:89–95.
Kabata-Pendias, A., and H. Pendias. 1984. Trace elements in soils
and plants. CRC Press, Boca Raton, FL.
Luxmoore, R., M. Tharp, R. Efroymson. 1999. Comparison of simulated forest responses to biosolids applications. J. Environ. Qual.
28:1996–2007.
Marr, R. 1967. Ecosystems of the east slope of the Front Range in
Colorado. Univ. of Colorado Press, Boulder.
Meyer, V. 2000. The effect of biosolids application on erosion control
and ecosystem recovery following the Buffalo Creek fire. M.S.
thesis. Colorado State Univ., Fort Collins.
Meyer, V., E. Redente, K. Barbarick, and R. Brobst. 2001. Biosolids
applications affect runoff water quality following forest fire. J.
Environ. Qual. 30:1528–1532.
Moody, J., and D. Martin. 2001. Hydrologic and sedimentologic response of two burned watersheds in Colorado. Water Resour. Investigations Rep. 01-4122. U.S. Geol. Survey, Reston, VA.
Moolman, A., N. VanRooyen, and M. VanRooyen. 1996. The effect
of drought stress on the dry matter production, growth rate, and
biomass allocation Anthephora pubescens Nees. S. Afr. J. Bot.
62:41–45.
Navas, A., J. Machin, and B. Navas. 1999. Use of biosolids to restore
the natural vegetation cover on degraded soils in the badlands of
Zaragoza (NE Spain). Bioresour. Technol. 69:199–205.
Neary, D., C. Klopatek, L. DeBano, and P. Ffolliott. 1999. Fire effects

881

on belowground sustainability: A review and synthesis. For. Ecol.
Manage. 122:51–71.
Nelson, D.W., and L.E. Sommers. 1996. Total carbon, organic carbon,
and organic matter. p. 975–977. In D.L. Sparks (ed.) Methods of
soil analysis. Part 3. SSSA Book Ser. 5. SSSA, Madison, WI.
Newland, J., and T. DeLuca. 2000. Occurrence and Abundance of
native nitrogen-fixing plants in fire-exposed ponderosa pine, Douglas-fir forests in western Montana. Can. J. For. Res. 30:274–282.
Paschke, M.W., E.F. Redente, and D.B. Levy. 2000. Zinc toxicity
thresholds for important reclamation grass species of the western
United States. Environ. Toxicol. 19:2751–2756.
Pierce, B., E. Redente, K. Barbarick, R. Brobst, and P. Hegeman.
1998. Plant biomass and elemental changes in shrubland forages.
J. Environ. Qual. 27:789–794.
Redente, E., T. Doerr, C. Grygiel, and M. Biondini. 1984. Vegetation
establishment and succession on disturbed soils in northwest Colorado. Reclam. Reveg. Res. 3:153–165.
Rigueiro-Rodriguez, A., M. Mosquera-Losada, and E. Gatica-Trabanini. 2000. Pasture production and tree growth in a young pine
plantation fertilized with inorganic fertilizers and milk sewage
sludge in northwestern Spain. Agrofor. Syst. 48:245–256.
Robichaud, P., J. Beyers, and D. Neary. 2000. Evaluating the effectiveness of postfire rehabilitation treatments. Gen. Tech. Rep. 63.
USDA For. Serv., Washington, DC.
SAS Institute. 2001. SAS Version 8.02. SAS Inst., Cary, NC.
Sort, X., and J. Alcaniz. 1996. Contribution of sewage sludge to erosion
control in the rehabilitation of limestone quarries. Land Degrad.
Dev. 7:69–76.
USDA Forest Service and Soil Conservation Service. 1983. Soil survey
of Pike National Forest, Eastern Part, Colorado, parts of Douglas,
El Paso, Jefferson, and Teller Counties. USDA, Washington, DC.
USDA Natural Resources Conservation Service. 2002. The PLANTS
database. Version 3.5 [Online]. Available at http://plants.usda.gov
(verified 5 Feb. 2004). Natl. Plant Center, Baton Rouge, LA.
USEPA. 1986. Test methods for evaluating solid waste. Physical/
chemical methods. Publ. SW-846. 3rd ed. SW-846, Update I (July
1992), Update II (September 1994), Update IIA (August 1993),
Update IIB (January 1995), and Update III (December 1996). Natl.
Tech. Info. Serv., Springfield, VA.
Villar, M., S. Gonzalez-Prieto, and T. Carballas. 1998. Evaluation of
three organic wastes for reclaiming burnt soils: Improvement in
the recovery of vegetation cover and soil fertility in pot experiments. Biol. Fertil. Soils 26:122–129.
Wells, C., R. Campbell, L. Debano, C. Lewis, R. Fredriksen, E. Franklin, R. Froelich, and P. Dunn. 1979. Effects of fire on soil: A stateof-knowledge review. U.S. For. Serv., Denver.
White, C., S. Loftin, and R. Aguilar. 1997. Application of biosolids
to degraded semiarid rangeland: Nine-year responses. J. Environ.
Qual. 26:1663–1671.
Zebarth, B., R. McDougall, G. Neilsen, and D. Neilsen. 2000. Availability of nitrogen from municipal biosolids for dryland forage
grass. Can. J. Plant Sci. 80:575–582.

