
























Figure 8-4. A, Ash from the 1985 Sherwood Fire in the western Santa Monica 
Mountains, Los Angeles and Ventura counties, CA. In this false-color composite 
image, reflected light at 1.55 to 1.75 lim is mapped in blue and that at 2.08 to 
2.35 lim is mapped in green; emitted long-wave infrared light at 10.4 to 12.5 lim is 
mapped in red. Radiometric temperatures of the surface ash, estimated from the 
10.4 to 12.5 lim radiance , were as high as 72°C in the younger age class and 10°C 
cooler in the older age class. The eastern one-third of the fire area (tones in 
orange at the right) is the burned 8-year-old age class. The yellow tones in the 
northwest quadrant of the fire area are from a north-facing aspect where 50-year­
old chaparral was burned. Slopes at the southwest (below the fuel break that 
appears as an east-west trending white line) were south-facing and of intermediate 
age. Data were collected 23 July 1985 by an ADDS 1268 Thematic Mapper 
Simulator (Daedalus Corporation) aboard a NASA high-altitude aircraft. 
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Figure 8-4 (Continued). B, Graphical representation of the reflected and emitted 
light along a transect from east to west through the fire area depicted in A. Fire in 
the 8-year-old chaparral (sample numbers 120 to 260) left a mosaic of ash and 
unconsumed vegetation, which is marked by high values of the ratio of near­
infrared (0.76 to 0.90 ~un) to intermediate-infrared radiances (2.08 to 2.35 Jlm). 
Ash there was warmer and less reflective at intermediate infrared wavelengths 
(depicted by high values of the ratio of radiances at 10.4 to 12.5 Jlm and 2.08 to 
2.35 Jlm) than was the ash from the older age class. 
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same fraction of live wood in this size class, then fire spreading in 7-year­
old stands of this species, necessarily burning with low live-fuel moisture 
under considerable winds, would yield from standing biomass approxi­
mately one-tenth of the energy of a fire burning in a healthy stand at age 
22 years (Figure 8-6). In each case, the heat of vaporization would be 
small in relation to the total energy released. 

Foliage, soil 0 horizon (organic material at the soil surface), and 
consumed wood at age 22 years are roughly equivalent sources of carbon 
for combustion (Table 8-1). Thus, the 0 horizon adds energy to the fire 
equivalent to one-half of that from the standing vegetation, although it 
will not propagate fire by itself because it is too compact. 

Dieback of one-half (a high rate) of the live stems in a 22-year-old 
stand of Ceanothus crassifolius might be expected to increase energy 
release by one-half compared with the same stand in a healthy condition 
(see Table 8-1). 

Changes in Rate of Spread During Stand Development 

It is difficult to translate biomass consumption or energy release from 
these cases into predicted rates of fire spread because to do so would 
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Figure 8-6. Estimated total and latent heat fluxes during burning of standing 
biomass in 7-, 14-, and 22-year-old Ceanothus crassifolius. Estimates were based 
on reconstructed biomass trends (Riggan et a!. 1988) and the following assump­
tions: live wood consumed (0.09 of the total) is a constant fraction (0.6) of wood 
with diameter <0.5 em; by analogy to Quercus berberidifolia, wood with diameter 
<0.5 em is one-quarter of the total at age 7 and one-fifth of that at age 14; 
moisture contents are 0.7 g water g-1 dry biomass for foliage and live wood and 
0.07 g water g- 1 dry biomass for deadwood; specific heat of vaporization is 2.26 X 
106 J/kg; specific heat of combustion is 2 X 107 J/kg (Albini 1980). 



152 P.J. Riggan et al. 

Table 8-1. Estimated Biomass Consumption During Burning for 22-Year-old 
Stands of Ceanothus crassifolius Both With and Without An Additional 50% 
Mortality of Stems 

Biomass 
Consumption Carbon Loss 

(Mg/ha) (Mg/ha) 

No 50% No 50% 
Component Die back Die back Die back Dieback 

Live biomass 
Foliage 14.3 7.2 7.2 3.6 
Live Wood 4.0 2.6 2.0 1.3 

Deadwood 
Within live shrubs 8.0 30.3 4.0 15.2 
Dead shrubs 4.2 4.2 2.1 2.1 
Readily consumed ( <0.5 em) 4.6 7.9 2.3 4.0 

0 horizon 45.5 52.7 6.4 10.0 
Total consumed 21.7 32.2 
Readily consumed 17.9 18.9 

Note. Biomass is reported by Riggan et al. 1988. Carbon loss from the 0 horizon was 
estimated from measured carbon fraction there (mean= 0.24, s = 0.081, n = 72) and in ash 
(mean = 0.096, s = 0.038, n = 61) after prescribed fires in standing chaparral at San Dimas 
in 1984; the case with dieback assumes consumption of abscised foliage before appreciable 
decomposition could begin. Readily consumed deadwood biomass is assumed to be that 
with a diameter less than 0.5 em; larger material may also be consumed within the flaming 
front. 

require a questionable extrapolation from semiempirical descriptions of 
model fires in a laboratory. Some inferences may be possible, however, 
from two models: One described by Rothermel (1972) and elaborated by 
Wilson (1990), and one of Pendell et al. (1990). 

Rothermel (1972) gives a semiempirical model of fire spread that was , 
parameterized first for small fires burning with no wind in dry excelsior or 
in wood elements with a nominal width of 1/4 or 1/2in. The fuel array 
was approximately 90-cm wide and 11- to 15-cm deep. _Rate of spread 
with wind was then described by V(U) = f(V0 (1 + fw)) where Vis the 
forward rate-of spread at wind speed U, V0 is the spread rate with no 
wind, and fw is a function of wind speed, relative surface area to volume 
of the fuel, and the fuel packing, b, which can be interpreted as the 
proportion of the fuel bed volume that is actually occupied by fuel 
elements. The wind speed function, fw, was estimated from observations 
of grass fires in Australia, in which no fuel properties were measured, and 
from limited trials with fine fuels in the laboratory. 

This model was not explicitly developed to describe fire spread in 
sparse live fuels such as those that propagate chaparral fires. The form of 
the model (which relates spread with wind to a finite rate with no wind) is 
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also inappropriate for chaparral, where there is commonly a threshold of 
wind required for fire propagation (i.e., the no-wind rate of spread is 
zero). 

Fendell et al. (1990) solved a differential equation for fire spread· 
driven by convective heating. The resulting model, V(U) = a(U/m)112 

(where a is an experimentally determined constant), is simple in form and 
explicitly includes interaction of wind and mass, m, for fuel of a given 
height and rati0 of surface area to volume. The model parameter, a, was 
estimated from burning trials conducted with ranges of wind speed (up to 
4.6 m/s) and mass loading of toothpicks. The ratio of surface area to 
volume for toothpicks is similar to that of chaparral foliage, but the 
packing used experimentally was much denser than that of chaparral. 
The experiments used combustion tables of 55- or 100-cm width and 
incorporated variations in fuel height below 22 em. For most experiments, 
which were conducted with a constant height of fuel, the changes in mass 
were equivalent to a change in packing. 

These models are limited by the experimental situations from which 
they were developed. Spread rate of the model fires was dependent on 
width of the fuel bed and the magnitude of edge effects on forward 
energy transfer, roughly doubling as the width was increased from 55 to 
100 em (Fendell et al. 1990). Fendell et al. (1990) also generally observed 
reduced rates of spread when b and U are held constant, but the mass 
is increased by using taller fuel elements. This reduction presumably 
resulted from dispersal of convective energy through a larger volume of 
air within the fuel bed. Thus, velocity of fire spread was dependent on the 
geometry of the experimental situation, and there is no way to know a 
priori how to scale the results from model fires to those of chaparral 
fires where flame lengths are typically one to two orders of magnitude 
greater; large live woody stems do not burn but reduce energy transfer to 
unburned fuel; and there is substantial oxygen depletion, fire-caused 
acceleration of ground-level winds, and turbulence. 

Both sets of experimental results show that rate of spread in fine 
fuels reaches a maximum at low values of packing. Furthermore, the 
experimental results of Fendell et al. (1990) show that the packing that 
maximizes spread obtains lower values at higher wind speeds. Given 
appreciable wind, fire spread was very sensitive to the packing at levels 
below the optimum (which can act as a threshold for spread), and zero 
spread was observed at finite values of fuel loading. (The model describes 
only conditions with packing greater than the optimum.) 

We assume by analogy to the laboratory-based fires that chaparral with 
low deadwood biomass, which may only marginally sustain fire spread 
at lower wind speeds, is essentially at an optimum packing for those 
conditions. Furthermore, we assume that an increase in foliage mass as a 
stand matures (e.g., between age 10 and 20 years) increases packing 
above this optimum because of greater overlap between the canopy of 
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adjacent shrubs and slow concurrent height growth. Therefore, the rate 
of spread would be expected to decline accordingly. Furthermore, if the 
theoretical model form proposed by Pendell et al. (1990), V = f(Uim) 112

, 

remains valid at the low packing and requisite wind speeds of chaparral 
fires, then the accumulation of foliage, fine live wood, and fine deadwood 
(as given in Table 8-1 and Figure 8-6) between ages 14 and 22 years 
would reduce the forward rate of spread by about one-fifth. 

The impact of the dieback on rate of spread is more problematical 
because we cannot readily predict, for the combined live and dead fuels, 
the interactions of wind, packing, and moisture or the effect of fuel 
stratification. In general, we expect that the primary effects will be to 
increase fire residence time and soil heating, because of the greater total 
energy release and larger-diameter fuels that become involved, and to 
allow fire spread at lower wind speeds and higher fuel moistures. The 
latter effect could extend, perhaps by several weeks in early summer 
or late autumn, the conditions under which large fires may occur or 
could increase fire size during more severe weather - for example, by 
accelerating fire spread at night. 

How Are Fire Impacts Related to Fire Severity? 

Flooding and Sedimentation 

Destructive postfire flooding, such as that which caused 30 deaths and 
destroyed 484 homes in the towns of La Cresenta and Montrose in 1933, 
has historically been an impetus for fire and flood control in southern 
California (Eaton 1935). An extensive system of engineered debris catch­
ments and flood channels has been constructed to contain such flows, but 
these provide limited protection even today (S. Kumar, Los Angeles 
County Department of Public Works, personal communication). Debris 
flows from recently burned chaparral watersheds can mobilize a large 
volume of material from sand to boulders of 1- to 2-m in breadth. When 
the capacity of a debris basin has been exceeded, this high-velocity mix 
cuts its own unpredictable and destructive path. Even when the flows are 
contained, the expense of emergency sediment removal is high. 

The severity of a chaparral fire can affect the magnitude of subsequent 
flooding and sediment production. This was demonstrated in 1984 and 
1985 in a replicated watershed experiment at the San Dimas Experimental 
Forest (Riggan et al. 1994a, 1994b), where two canyons burned by 
moderate-intensity prescribed fires in standing chaparral yielded three­
eighths as much sediment and water as did two that had been burned by 
severe fires in felled Ceanothus. The severe fires consumed all of the 
above-ground biomass, thereby releasing approximately three times 
the energy of the more moderate fires. The postfire sedimentation was 



8. Perspectives on Fire Management 155 

dominated by debris flows that were generated at a rainfall intensity 
of 5 mm in 5 minutes and comprised 59% sediment by weight (Weirich 
1988; Riggan et al. 1994b). Associated peak discharge from the severely 
burned canyons exceeded 330 Ls-1 ha-1; concurrent flows peaked in 
unburned watersheds at less than 1Ls-1 ha-1. 

Massive soil erosion after intense chaparral fires probably follows from 
the loss of vegetative cover, organic matter destruction, and development 
of water repellency in soils. Loss of organic matter on and beneath the 
soil surface probably parallels the intensity and depth of soil heating and 
contributes to sediment production by exposing mineral soil and reducing 
its cohesiveness. Water repellency forms in soils when pyrolytic organic 
compounds condense below the soil surface and block subsequent infiltra­
tion of water (DeBano 1981). The depth of this condensation, as well as 
that of initial rill and surface erosion, is probably greatest under prolonged 
or intense soil heating (Wells 1981). 

Nitrogen Flux from Burned Watersheds 

Fire also affects the accumulation and cycling of mineral nitrogen in soils 
and the flux of nitrate in stream water. In the San Dimas experiments 
(Riggan et al. 1994a), burning mobilized nitrogen that had accumulated 
in part from the air pollution of metropolitan Los Angeles and caused 
stream water to be polluted with nitrate (N03 -) at concentrations some­
times exceeding the Federal water quality standard (0. 7 meq/L). Stream­
water N03 - concentrations were elevated during peak flows, reaching 
1.12meq/L during a debris flow. 

The postfire N03 - concentrations and flux in stream water reflected the 
severity of burning. Severe fires produced daily-mean volume-weighted 
N03- concentrations that were 1.7 times those after the moderate­
intensity fires; moderate fires produced concentrations that were 3.0 times 
those of unburned controls. Annual N03- loss from severely burned 
watersheds, averaging 1.2 keq/ha, was 40 times greater than that from 
areas that remained unburned. Fires of moderate intensity produced less 
than one-seventh the N03- loss observed after severe burning. 

The response of stream-water N03 - to burning was due in part to 
changes in the net rates of soil mineralization and nitrification, both of 
which were positively associated with fire severity (Riggan et al. 1994a). 
Severe fires undoubtedly subjected soils to the greatest heating below 
the immediate soil surface and caused the greatest rates of nitrogen 
volatilization. As a result, they elevated the NH4 + concentration in surface 
soils, but to a level below that of the moderate fires. NH4 + concentrations 
were subsequently highest in soils that had been subject to severe heating, 
because of either long-term inhibition of NH4 + immobilization or ac­
celerated mineralization. Nitrate concentration after storms in November 
and December was greatest in soils subjected to severe fire (1.20 meq/kg 
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of soil), intermediate in those from the moderate-intensity fire (0. 79 meg/ 
kg), and least in the unburned soils (0.49meq/kg). 

The results from the San Dimas fire severity experiments show that 
flooding, sedimentation, and nitrate water pollution after a moderate­
intensity prescribed fire are likely to be substantially less than would 
be produced from an equivalent area burned by a severe, catastrophic 
wildfire. The experiment was designed to produce a range in severity 
between fires, and although a fuel comprised entirely of deadwood would 
rarely be found in nature, the difference in energy release rate between 
the fires is comparable to that we estimate between fires burning in 10-
and 22-year-old Ceanothus crassifolius. 

Fire Severity and Community Composition 

Fire severity can also affect the subsequent species composition of 
chaparral with potentially long-lived effects. This was apparently the case 
after prescribed fires we examined at Stone Canyon in the Santa Monica 
Mountains where Ceanothus megacarpus seedling density 1 year after 
burning was 5 times higher where the chaparral had been crushed and 
burned than where standing vegetation had been burned. (Seedling density 
was estimated in 46 plots each 10m2 in area; average density was 22.5 m - 2 

after crushing and burning and 4m-2 after burning in standing vegetation. 
The null hypothesis that densities were not different was tested with a 
Mann-Whitney test and rejected with P = 0.01.) As at San Dimas, 
crushing allowed virtually all of the above-ground biomass to be burned 
with correspondingly greater energy release. 

Species abundance in mature stands at the San Dimas Experimental 
Forest also shifted dramatically after successive fires of widely differing 
severity in 1919 and 1960 (Jacks 1984). The cover of Ceanothus crassifolius 
in 15-year-old stands after the 1960 Johnstone Fire was six times that 
which had been estimated at a comparable age in the same area after the 
1919 San Gabriel Fire (Horton 1941), whereas cover of Adenostoma 
fasciculatum was one-third as great and the amount of bare ground was 
reduced. Changes in cover were primarily due to an increase in the 
Ceanothus population density from 0.03 to 0.14m-2

; the mature 
Adenostoma fasciculatum population concurrently declined from 0.06 to 
0.04 m - 2 . The Johnstone Fire must have had relatively high energy yield 
because it burned 41-year-old chaparral that had been subjected to sub­
stantial mortality during an interval of record drought (Kittredge 1955); 
the San Gabriel Fire burned in 24-year-old stands. Drought after the 
Johnstone Fire may also have enhanced Ceanothus crassifolius seedling 
survival relative to that of Adenostoma fasciculatum (Jacks 1984). 

· Fuel structure and biomass accumulation depend to a large extent on 
species composition, so a change in composition could alter the nature of 
the next fire. An increase in Ceanothus abundance, such as that which 
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occurred at San Dimas after 1960, could yield a structure more conducive 
to the propagation of infrequent, severe fires (Riggan et al. 1988). 

How Might Prescribed Burning Alter the Pattern of 
Catastrophic Fires? 

Now, let us consider some of the values and environmental liabilities that 
might be derived from an active program of prescribed burning. The 
strategy is to maintain a shifting mosaic of age classes both to ·alter 
the potential for catastrophic fire and to reduce overall environmental 
impacts of an unmanaged wildfire regime. Our analysis is somewhat 
speculative because the ability of any chaparral community to propagate 
fire at a given age or fuel structure is probably the least known property 
of fire behavior. 

Our approach is to ask what might result when a wildfire ignites and 
spreads in mature chaparral, 30 or 40 years of age, and encounters a 
young age class. Let us assume that it is autumn with low fuel moisture, 
humidity near 20%, and moderate winds (under 20 km/h). 

The Wildfire Front is Large Compared to the Size of the Younger Age 
Class. In this case, the ultimate perimeter and rate of progress of the 
wildfire will not be materially reduced, but there are several alternative 
outcomes within the younger chaparral. 

If the young chaparral is 2 to 5 years old (and not dominated by 
introduced grasses), then it is likely that it will not burn and the overall 
area of the wildfire will be reduced accordingly. Such was the case where 
the 1985 Wheeler Fire encountered the 1983 Matilija Fire (Figure 8-7). 
Considering the wildfire and prescribed fire together, the total area 
burned will not be affected, but there will be a reduction in watershed 
impacts within the area of the prescribed burn, and a partitioning of 
impacts between the years after the two fires. Thus, within the uncertainty 
of ensuing storm intensity, there should be reduced flood peaks and less 
sediment and debris to deal with in an emergency. 

If the young age class is 10 to 15 years old, there is a greater, but still 
small, chance that it will propagate the wildfire. If it does burn, biomass 
consumption and total energy release within the young stand would 
probably be one-quarter to one-half that which would have resulted 
without management, and the relative reduction in subsequent flood 
peaks and sedimentation from the area might be roughly comparable to 
that observed between moderate-intensity and severe fires in the San 
Dimas experiments. The result of the two fires together would be an 
increase in fire frequency within the perimeter of the prescribed fire, but 
a small reduction in sedimentation (since a moderate-intensity fire yields 
less than one-half as much sediment as would a severe fire). 
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If the young age class is 20 to 25 years, it would most likely be burned 
by the wildfire, there would be only a relatively small change in the 
wildfire effects, and there could be a net increase in sediment production 
relative to a single wildfire. (We assume that the supply of sediment is not 
quickly exhausted by a few fires.) 

The Wildfire Front is of Comparable Size or is Small in Relation to the 
Younger Age Class. In these cases, there could be a substantial reduction 
in perimeter and area of the wildfire for those cases in which the young 
age class will not propagate fire or burning there is readily suppressed. 
Such was probably the case where the 1985 Wheeler Fire encountered 
under moderating weather the area of the 1971 Romero Fire (Salazar and 
Gonz:Hez-Caban 1987). The area so protected continues to age, and by 
continued mortality, to accumulate dead fuel. Depending on rates of fuel 
accumulation at later ages, which are not well established, the impact of a 
later wildfire there could be worsened if another prescribed fire does not 
intervene. 

Use of prescribed fire is still limited in southern California, and al­
though it has ·aided suppression of a few subsequent wildfires (Dougherty 
and Riggan 1982), it probably has not substantially altered the general 
impact of wildfires over the past decade. As we have discussed here, 
prescribed burning has potential for reducing some societal and environ­
mental losses from wildfire, especially those associated with flooding, 
sedimentation, andwater quality. But public policy for fire management 
remains driven by crises in funding rather than by the potential for 
averting catastrophic losses. The potential for fire management will be 
realized only when we are capable of monitoring and predicting long-term 
change in wildfire risks and articulating the benefits of an appropriate 
level of intervention. The most limiting factors in this analysis at present 
are the uncertainties regarding the propensity of young age classes to 
carry fire, the regional distribution of consumable biomass, and the rate 
of fuel accumulation in stands older than 3 decades. 

How Predictable Will Be the Response to Climate Change? 

Current predictions are that "business as usual" on earth will cause global 
mean air temperature to warm by as much as 2 to soc over the next 
century as a result of rising concentrations of radiation-absorbing trace 
gases in the atmosphere (Houghton et al. 1990). Regional predictions 
of potential climate change are highly uncertain, especially with regard 
to climate extremes such as those that most affect fires in southern 
California: Incidence of Santa Ana winds in autumn; heat waves asso­
ciated with subtropical high pressure in midsummer; frequency of high 
rainfall years followed by drought; length and depth of multiannual 



Figure 8- 7. False-color composite image of the 1983 Matilija Fire (orange tones 
in center) within the perimeter of the 1985 Wheeler Fire. The 2-year-old-age class 
remained unburned despite extreme fire weather. The image was constructed 
from radiances measured at 0.91 to 1.05 (red), 0.63 to 0.69 (green), and 0.52 to 
0.60 11m wavelength (blue) by an ADDS 1268 spectrophotometer (Daedalus 
Corporation). Data were collected 16 October 1985 aboard a NASA high-altitude 
aircraft. 



8. Perspectives on Fire Management 159 

droughts; and possibly, episodes of high temperatures, high humidity, 
and intermittent rain in midsummer. 

Several of these conditions are now predicted with considerable uncer­
tainty even in short-range forecasts and may remain unpredictable from 
long-range global climate models. One indicator of the adiabatically­
heated and high-velocity Santa Ana winds, for example, is the develop­
ment of a 4-mbar or greater offshore pressure gradient between Los 
Angeles and Tonopah, NV. Error in predicting the strength or relative 
location of the Great Basin high by a few hundred kilometers, and 
thereby the strength of this gradient and the Santa Ana winds, is 
fairly common within a 5-day forecast (N. Dean, National Weather 
Service, Fire Weather Forecasting Office, Riverside, CA, personal 
communication). 

Annual precipitation and summer drought stress can be dominated by 
one or a few storm systems that may produce locally heavy or prolonged 
rainfall. Closely spaced storms during 9 successive days in February 1980 
raised the total precipitation in the San Gabriel Mountains that season 
from average to twice the annual average and increased the area-specific 
stream flow to 55 em from the expected average of 7.5 (Riggan et al. 
1985). This recharged deeper soils and probably limited water stress 
during the succeeding summer. Rainfall of this magnitude in 1983 may 
have allowed an accumulation of leaf area that aggravated water stress 
condition in 1983-84 and caused the most severe dieback in decades. The 
5-day forecasts are generally poor in predicting storm locations within 100 
to 200 km or storm residence at one location, yet such large storms are 
probably one of the more important events in the ecosystem for a span of 
several years or even decades. 

Even if global models could reliably predict average conditions for a 
season, we would have difficulty predicting extreme events in winds 
or rainfall, and these can dominate the ecosystem for years. Thus, by 
analogy, we find ourselves riding a rollercoaster in fog and not knowing if 
the amplitude of change is widening or subsiding. At present, the dips are 
catching us by surprise. 

Conclusion 

Without a doubt, southern California is an extremely challenging setting 
for natural resource management: Its environment is physically, bio­
logically, and culturally dynamic. Management can affect the lives of 
millions of people, and these people exert a strong pressure on the 
environment. Catastrophic fires here will always be a threat to people and 
the environment. Climate extremes and impending climate change could 
drastically alter the situation in ways that would be very difficult to 
predict. But the impact of a fire regime can be altered through use of fire 
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and a reduction of values at risk. To fail to act before the threat is 
immediate is to be continually responding to wildfires and paying their 
escalating price. 

Note. Trade names, commercial products, and enterprises are mentioned 
solely for information. No endorsement by the U.S. Government is 
implied. This article was written and prepared by U.S. Government 
employees on official time, and it is, therefore, in the public domain and 
not subject to copyright. 
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