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ABSTRACT 
Fire affects nutrient cycling and the physical, chemical, 

and biological properties of soils occupied by western
montane forests. Combustion of litter and soil organic 
matter (OM) increases the availability of some nutrients, 
although others are volatilized (for example, N, P, S). Soil 
OM loss also affects cation exchange capacity, organic 
chelation, aggregate stability, macro pore space, infiltra
tion, and soil microorganisms. Nitrogen replenishment 
must be emphasized when prescribed burning programs 
are planned or during rehabilitation following wildfires. 

INTRODUCTION 
Fire significantly affects soil properties because organic 

matter (OM) located on, or near, the soil surface is rapidly 
combusted. The changes in OM, in turn, affect several 
chemical, physical, and microbiological properties of the 
underlying soil. Although some nutrients are volatilized 
and lost, most nutrients are made more available. Fire 
acts as a rapid mineralizing agent (St. John and Rundel 
1976) that releases nutrients instantaneously as con
trasted to natural decomposition processes, which may 
require years or, in some cases, decades. 

The objectives of this paper are to (1) review the impor
tance of OM and plant nutrients in the soil, (2) describe 
changes in OM during combustion, (3) characterize sev
eral soil physical, chemical, and biological temperature 
thresholds, and (4) identify and discuss the more impor
tant fire-related changes occurring in soils that affect 
postfire management. 

ORGANIC MATTER 
Organic matter in western-montane forest soils is con

centrated on, or near, the soil surface and is made up of 
six easily recognized components: (1) the litter layer, con
sisting of recognizable plant litter; (2) the dufflayer, com
posed of partially decomposed, but recognizable, plant 
litter; (3) the humus layer, consisting of extensively de
cayed and disintegrated organic materials, which are 
sometimes mixed with mineral soil; (4) decayed wood, 
consisting of the residual lignin matrix from decaying 
woody material that is on the soil surface or has been 
buried by the forest floor; (5) charcoal, or extensively 
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charred wood mixed into the mineral soil; and (6) the 
upper mineral soil horizon (A horizon) of the underlying 
mineral soil (Harvey 1982). Soil OM plays an important 
role in the physical, chemical, and biological properties 
of the soil and, as such, contributes to overall soil and site 
productivity. 

Organic matter acts as the primary reservoir for sev
eral nutrients and, therefore, is the source for most of the 
available phosphorus (P) and sulfur (S), and virtually all 
of the available nitrogen (N). Soil OM's role in N storage 
is especially important in forests because their continued 
high productivity depends, to a large extent, on large 
supplies of available N. Nutrients stored in OM are re
leased slowly during decomposition, providing an effi
cient, steady source of nutrients that keeps leaching 
losses at low levels. 

Soil OM and humus also provide chemically active 
cation exchange sites that retain many of the important 
cations (for example, NH

4
+, K+, Ca++). It has been esti

mated that soil OM can provide over 50 percent of the 
cation exchange capacity of some forest soils. It also is 
an active chelating agent that retains many of the metals. 

Organic matter serves as a powerful aggregating agent 
and, as such, plays an important role in creating and 
maintaining a well-aggregated soil. Soil aggregation 
improves soil structure that creates macro pore space, 
and improves soil aeration. Aggregate soils also have 
higher infiltration rates than nonaggregated soils con
taining less OM. 

The welfare of soil microorganisms also depends on 
OM because it provides both a suitable environment and 
C compounds that serve as an energy source for soil microor
ganisms. Both of these functions are critical for maintaining 
the nutritional quality and moisture-holding capacity of 
forest soils (Harvey and others 1987). 

NITROGEN AND SULFUR 
Nitrogen is an extremely important nutrient because it 

is the one that is most likely to limit tree growth in forests 
and other wildland ecosystems (Maars and others 1983). 
Because of this inherent limitation, significant losses ofN 
during a fire could adversely affect long-term site produc
tivity in many wildland ecosystems, particularly if N 
replenishment mechanisms are not provided for during 
postfire management. 

Nitrogen contained in unburned forest litter and soil is 
released solely by biological processes and is referred to as 
being regulated by "biochemical cycling" (McGill and Cole 
1981). Because of the close relationship between carbon 
(C) and N, C:N ratios play an important role in regulating 
the decomposition rate of OM and, as a result, control the 
rate at which N and other nutrients are released and 
cycled (Turner 1977). 
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The role of S in ecosystem productivity is not well un
derstood, although its fluctuations in the soil appear to 
parallel that of inorganic N. Sulfur is considered the 
second most limiting nutrient in some coastal forest soils 
of the Pacific Northwest, particularly when forest stands 
are fertilized with N (Barnett 1989). 

PHOSPHORUS AND CATIONS 

Phosphorus also has been reported to be limiting in 
some forest ecosystems. Deficiencies of P are most likely 
to appear in P-fixing soils (Vlamis and others 1955) or 
in conjunction with N fertilization applications (Heilman 
and Gessel 1963). Phosphorus uptake and availability 
to plants also appear to be highly dependent on the inter
relationship between mycorrhizae and OM rather than 
being a simple absorption from the soil solution (Trappe 
and Bollen 1979). 

Deficiencies of the major cations (Ca, Mg, and K) have 
not been reported for most wildland soils. The balance of 
these cations determines base saturation, which plays an 
important role in controlling pH regimes in soils. 

COMBUSTION AND SOIL HEATING 
During combustion, soil OM undergoes a series of 

physical and chemical transformations (Chandler and 
others 1983). Initially, the free moisture is vaporized as 
soon as the temperature approaches 100°C. Lignin and 
hemicellulose begin to degrade at temperatures between 
130 and 190 °C. Reactions occurring at temperatures 
below 200°C are endothermic (reactions that require the 
absorption of heat). Decomposition oflignin and hemicel-
1 ulose becomes rapid at 200°C with cellulose undergoing 
chemical dehydration at 280 °C. About 35 percent of the 
total weight loss occurs before soil OM reaches 280°C. 
Once soil temperatures exceed 280 °C, exothermic reac
tions (those reactions that produce heat) predominate and 
OM is ignited. When the surface temperature of soil OM 
reaches 500 to 600°C, glowing combustion occurs if oxy
gen is not excluded from the char surface. Flaming then 
occurs and boosts temperatures from 800 to 1,500 °C. 
Above 1,000 °C carbon (C) is consumed at the surface 
as rapidly as char is produced. 

Most of the thermal energy released during the combus
tion of aboveground fuels is lost upward into the atmos
phere (DeBano 1974). However, a lesser but significant 
amount is radiated downward and is absorbed by the 
surface litter when present, or by other organic layers, 
depending on the amount and configuration of the OM 
deposited on the soil surface. The radiated heat can pro
duce secondary combustion of the litter, duff, and, in some 
cases, the soil humus layer. 

The amounts oflitter, duff, and humus combusted de
pend on the duration and intensity of the heat flux reach
ing the litter layer. The combustion of aboveground fuels, 
and more important, duff, may heat the mineral soil sur
face significantly, and as a result substantial amounts of 
heat can be transferred downward into the soil by conduc
tion, convection, and by vaporization and condensation. 
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Thus, soil temperatures generated during fires vary con
siderably, depending on the fuel load and the burning 
conditions (DeBano 1989). If a large amount of fuel is 
present, soil temperatures can remain high for several 
hours and would be expected to produce large changes 
in soil chemical, physical, and biological properties. In 
contrast, soil temperatures produced during low-intensity 
fires used for fuel reduction may not produce appreciable 
changes in the soil OM. 

CHANGES IN SOIL PROPERTIES IN 
RESPONSE TO HEATING 

The spatial distribution of soil properties within a soil 
profile determine, to a large extent, the magnitude of 
change occurring in a particular soil property during' 
a fire. For example, those soil properties located on, or 
near, the soil surface are more likely to be changed by 
fire because they are directly exposed to surface heating. 
As a result, organic material and related soil properties 
are more likely changed by radiated energy than other 
soil properties, such as clay content, which is often con
centrated in subsurface layers where it is insulated from 
surface heating. 

The sensitivity of a particular soil property to heating 
is also important. In general, changes in soil chemical 
properties are directly related to the changes in OM de
scribed earlier. However, some soil physical properties 
are also dependent on soil OM, while others are not (for 
example, clay content). Soil microorganisms are probably 
most sensitive to soil heating because they are living 
organisms that have relatively low lethal-temperature 
thresholds. 

Soil Chemical Changes and Nutrient 
Losses and Availability 

Nutrients contained in fuel and soil OM are cycled by 
biological decomposition processes in environments where 
temperatures rarely approach 38°C and sufficient mois
ture is available for sustaining active microbial activity. 
Under these mild conditions, soil microorganisms decom
pose OM and slowly release many of the essential nutri
ents over time. In contrast, during a fire the nutrients 
stored in fuels and soil OM are subjected to severe heat
ing and, as a result, undergo various irreversible transfor
mations during combustion. However, the responses of 
individual nutrients differ and each has its inherent tem
perature threshold. Threshold temperatures are defined 
as those temperatures where volatilization of a nutrient 
occurs. For discussion purposes, these thresholds can be 
divided into three general nutrient categories: sensitive, 
moderately sensitive, and relatively insensitive. Nitrogen 
(Hosking 1938) and S (Tiedemann 1987) are c;onsidered 
sensitive because they have thresholds as low as 200 to 
375°C, respectively. Potassium (K) and P are moderately 
sensitive, having threshold temperatures of 774 °C (Raison 
and others 1985). Magnesium (Mg), calcium (Ca), and 
manganese (Mn) are relatively insensitive, with high 
threshold temperatures of 1,107 °C, 1,484 °C, and 1,962 °C, 



respectively. Because the threshold temperatures of 
N, P, K., and S are lower than the flaming temperatures 
of woody fuels (1,100 °C and, except for P, lower than 
glowing combustion temperatures (650°C), these nutri
ents are ~eadily volatilized from OM during combustion. 

Nutrient Losses-Because some nutrients, such as 
N, P, and S, have low temperature thresholds and are 
easily volatilized, it is important to consider their losses 
in more detail. Nitrogen will be used to illustrate nutri
ent losses by volatilization because it is the nutrient that 
is most likely to be limiting in forest ecosystems. 

The amount of total N volatilized during combustion 
has been reported to be directly proportional to the 
amount of OM combusted (Raison and others 1985). 
Most of this volatilized N (up to 99 percent) reverts to 
N2 (DeBell and Ralston 1970). This relationship may not 
hold at lower temperatures (Grier 1975), because OM can 
decompose without volatilizing N; therefore, N loss is not 
proportional to the loss of OM. The N that is not volatil
ized remains on the site either in uncombusted fuels or 
as highly available ammonium-N (NH

4
-N) in the soil. 

Phosphorus responds differently, and only about 60 
percent of the total P is lost by nonparticulate transfer 
when fuels are totally consumed (Raison and others 
1985). As a result, substantial amounts of highly avail
able P can be found in the ash and on the soil surface 
immediately following fire. Percentage loss of S by vola
tilization is intermediate to Nand P (Tiedemann 1987), 
and burning has been reported to remove 20 to 40 percent 
of the S in aboveground biomass (Barnett 1989). 

Nutrient Availability-Most changes in nutrient 
availability result from two different processes: (1) in 
situ changes, and (2) translocation of organic substances 
downward into the soil. 

Heating the underlying mineral soil directly affects 
nutrients contained in the soil OM (in situ changes). 
However, the responses of the different nutrients to heat
ing indicate little change is likely to occur more than 4 to 
5 cm below the soil surface, unless a very intense, long
duration fire occurs (for example, in piles oflogs). 

More important, nutrient availability (particularly N) 
in the soil can be increased by the translocation of nutri
ents downward into the soil during a fire. This occurs 
because steep temperature gradients are produced in the 
upper soil layers during the combustion of the litter and 
humus on the soil surface. During combustion, surface 
soil temperatures may exceed 1,000 °C. Poor heat conduc
tion by the soil results in temperatures of 200°C or less 
within 5 cm of the soil surface. As a result, some of the 
vaporized OM and ammonium-rich nitrogenous com
pounds released during combustion are transferred down
ward where they condense in the cooler underlying soil 
(DeBano and others 1976). 

Although large amounts of total N are lost during the 
combustion of plants and litter, available NH -N is usually 
higher in the underlying soil following a fiie because of 
the transfer mechanism (DeBano and others 1979). The 
increase in ~ availability (as NH4-N) observed immedi
ately folloWlng a fire appears related to the soil tempera
tures reached. For example, under an extremely hot fire 
most of the soil N is probably volatilized, particularly 
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on or near the soil surface, and only small amounts are 
transferred downward in the soil. In contrast, under 
cooler soil-heating regimes, substantial amounts of 
NH

4o
-N can be found in the ash and underlying soil. 

Therefore, depending on the severity and duration of 
the fire, concentrations of NH -N may increase decrease 

4 " 
or remain unchanged. 

Phosphorus does not appear to be translocated down
ward in the soil profile as readily as N compounds. As a 
result, P increases mainly in the ash and on, or near, the 
soil surface (DeBano 1989; DeBano and Klopatek 1988). 

Soil Physical Properties 
Soil physical properties that are dependent on OM (for 

example, soil structure, pore space, aggregation) are all 
affected by heating during a fire. Other soil physical 
properties, such as clay content, are not readily affected, 
except on the immediate soil surface during a very intense 
fire. An important physical property affected by fire, one 
that regulates the hydrology of a soil, is water repellency 
(DeBano 1981). During fires, OM in the litter and upper 
mineral soil layers is volatilized (fig. 1A). Most of the 
volatilized OM is lost upward in the smoke, but a small 
amount moves downward along steep temperature gradi
ents in the upper 5 cm of the soil and condenses to form a 
water-repellent layer that impedes infiltration (fig. 1B,C). 
The degree of water repellency formed depends on the 
steepness of temperature gradients near the soil surface 
soil water content, and soil physical properties. For ex- ' 
ample, coarse-textured soils are more susceptible to heat
induced water repellency than fine-textured clay soils. 
The formation of this water-repellent layer, along with 
the loss of protective plant cover, increases surface runoff 
and erosion during the first rains following burning. A 
reduction in infiltration by a water-repellent layer can 
lead to extensive rill erosion on burned watersheds (Wells 
1981). 

Soil Microorganisms 

Soil heating directly affects microorganisms by either 
killing them directly or altering their reproductive capa
bilities. Indirectly, soil heating alters OM (energy source) 
and increases nutrient availability, thereby affecting 
subsequent microbial growth. Although the relationship 
between soil heating and soil microbial populations is 
complex, it appears that duration of heating, maximum 
temperatures, and soil water all affect microbial re
sponses (Dunn and others 1985). Microbial groups differ 
significantly in their sensitivity to temperature and nitri
fying bacteria appear to be particularly sensitive to soil 
heating (Dunn and others 1985). Physiologically active 
populations of microorganisms in moist soil are more 
sensitive than dormant popUlations in dry soil. 

Another important group of soil microorganisms that 
are particularly sensitive to soil heating during a fire 
are endo- and ectomycorrhizae. Because most ectomycor
rhizae are concentrated in the OM on or near the soil 
surface, the loss of shallow organic layers may be at least 
partially responsible for the reported fire-related reductions 



A-Unburned C-8urned 

Litter Water repellent zone 

Decreasing 

Wettable layer 

Water repellent layer 
~ ) temperature ~ ~ \ ( 

Figure 1-Soil-water repellency as altered by fire: (A) before fire, 
hydrophobic substances accumulate in the litter layer and mineral 
soil immediately beneath; (8) fire burns the vegetation and litter 
layer, causing hydrophobic substances to move downward along 
temperature gradients; (C) after fire, a water-repellent layer is 
present below and parallel to the soil surface on the burned area 
(DeBano 1981). 

in ectomycorrhizal activity of western conifers (Harvey 
and others 1989). Likewise, ectomycorrhizae (for ex
ample, vesicular-arbuscular mycorrhizae [V AM]) in 
pinyon-juniper woodlands were also reported to be af
fected by soil heating (Klopatek and others 1988). This 
decrease in V AM colonization may be an important factor 
affecting the long-term productivity of forest ecosystems. 

IMPORTANT MANAGEMENT 
CONCERNS FOLLOWING FIRE 
IN MONTANE·FOREST SOILS 

Postfire management must playa key role in the de
velopment and implementation of any prescribed burning 
program or rehabilitation project following wildfires. 
Many of the general relationships between fire severity, 
soil heating, OM, and associated changes in soil proper
ties discussed here have direct application when one as
sesses fire effects in soils in the western-montane forest 
environments and, thus, must be considered when post
fire management guidelines are formulated. 

Organic Matter 
Although little can be done to control OM loss during 

wildfires, every opportunity must be taken to revegetate 
the site so that organic litter can again be restored on the 
si te as quickly as possible. When one plans prescribed 
fires, more opportunities are available for maintaining an 
acceptable level of OM than occur following wildfires. For 
example, burning prescriptions can be designed to avoid 
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bums that consume large amounts of surface litter and 
soil humus. Likewise, the total combustion oflarge woody 
debris on the soil surface (logs, etc.) during prescribed 
burning may not be a desirable practice. Repeated use 
offire at frequent intervals probably should be avoided 
on relatively infertile sites where OM production is inher
ently low (for example, south-facing slopes), although it 
can play an important role in nutrient cycling in those 
ecosystems that experience frequent low-intensity fires 
(such as, ponderosa pine forests). 

Nitrogen Loss and Replenishment 
Because N is such an important nutrient in ecosystems 

and large losses are likely to occur by volatilization during 
the combustion of OM, special consideration must be 
given to both its loss and replenishment when planning 
burning programs. Important considerations to keep in 
mind when evaluating the effect of fire on N cycling are: 
size of the total N pool, type offuel consumed, severity 
of the burn, and, more important, the mechanisms re
sponsible for replacing N lost by volatilization. 

Because of the large N losses, mechanisms for N replen
ishment in the soil must be considered an important part 
of postfire management. Nitrogen additions to the soil 
can come from several sources including: (1) small 
amounts ofN present in precipitation and dust; (2) con
version or "fixation" of atmospheric N2 gas into usable 
forms by soil- and root-inhabiting microorganisms; and 
(3) mineral or organic fertilizers. Atmospheric inputs are 
usually small in relation to other inputs and typically 
range from 1 to 4 kg/ha/yr in the Pacific Northwest 



(Barnett 1989). Atmospheric N fixed by microorganisms 
ranges from 32 to 320 kglha/yr in fully stocked red alder 
(Alnus rubra) (Barnett 1989) to 0.1 to 1.3 kg/ha/yr by free
living N-fixers (Jurgensen and others 1979). Harvey 
and others (1989) found that more than one-third of the 
N -fixing capacity of some forest soils can be provided by 
microorganisms responsible for decaying wood on the 
surface and in the soil profile; thus, management of woody 
residues within a fire prescription may be an important 
dimension of N management in a fire environment. 

CONCLUDING COMMENTS 
Both wild and prescribed fires occur frequently in 

western-montane forests. These fires dramatically affect 
the nutrient cycling and the physical, chemical, and bio
logical properties of the underlying soil. Substantial 
amounts of C, N, S, and P can also be lost to the atmos
phere by volatilization during the combustion oflitter, 
duff, and soil OM. 

Because N is such an important nutrient in these 
ecosystems, the replenishment of N lost by volatilization 
during a fire must receive special consideration when 
burning programs are being planned or during rehabili
tation following wildfires. Treatments interfering with 
the establishment of postfire N -flXing plants should be 
avoided, particularly on infertile soils having low site 
potentials. Woody residue management also appears 
to be an important factor in N fixation and may require 
special attention when fire prescriptions are being 
developed. 

Burning increases the availability of most plant nutri
ents. Although some nutrients are volatilized during 
combustion, available NH,(N and P increase substantially 
during burning. High concentrations of available plant 
nutrients on the soil surface immediately following fire 
may negate the advantage of fertilizing for at least 1 year 
after burning. 

In the final analysis, fire plays an important role in 
the management of ecosystems, not only in the western
montane forests, but throughout the world. Although fire 
can dramatically affect soil properties and cycling, its 
effects can be mitigated by development of informed burn
ing prescriptions or by careful selection of rehabilitation 
treatments following wildfires. However, careful plan
ning is necessary to assure the sustained long-term pro
ductivity of these ecosystems is not adversely affected by 
fire-related changes in soils. 
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