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A century of ﬁre suppression culminated in wildﬁre on 28 October 2003 that stand-replaced nearly an
entire 4000 ha ‘‘sky island’’ of mixed conifer forest (MCF) on Cuyamaca Mountain in the Peninsular Range
of southern California. We studied the ﬁre affected Cuyamaca Rancho State Park (CRSP), which represents
a microcosm of the MCF covering approximately 5.5  106 ha (14%) of California, to evaluate how ﬁre
suppression unintentionally destabilizes this ecosystem. We document signiﬁcant changes in forest
composition, tree density, and stem diameter class distribution over a 75-year period at CRSP by
replicating ground-based measurements sampled in 1932 for the Weislander Vegetation Type Map
(VTM) survey. Average conifer density more than doubled, from 271  82 trees ha1 (standard error) to
716  79 ha1. Repeat aerial photographs for 1928 and 1995 also show signiﬁcant increase in canopy cover
from 47  2% to 89  1%. Changes comprise mostly ingrowth of shade-tolerant Calocedrus decurrens [Torr.]
Floren. in the smallest stem diameter class (10–29.9 cm dbh). The 1932 density of overstory conifer trees
(>60 cm dbh) and 1928 canopy cover at CRSP were similar to modern MCF in the Sierra San Pedro Mártir
(SSPM), 200 km S in Baja California, Mexico, where ﬁre suppression had not been practiced, verifying that
the historical data from the early twentieth century represent a valid ‘‘baseline’’ for evaluating changes in
forest structure. Forest successions after modern crown ﬁres in southern California demonstrate that MCF is
replaced by oak woodlands and shrubs. Post-ﬁre regeneration in severely burned stands at CRSP includes
abundant basal sprouting of Quercus chrysolepis Liebm. and Quercus kelloggii Newb., but only few seedlings of
Abies concolor [Gord. and Glend.] Lindl (average 16  14 ha1), while whole stands of C. decurrens, Pinus
lambertiana Dougl., and Pinus ponderosa Laws. were extirpated. Prescribed burning failed to mitigate the
crown ﬁre hazard in MCF at CRSP because the low-intensity surface ﬁres were small relative to the overall
forest area, and did not thin the dense understory of sapling and pole-size trees. We propose that larger, more
intense prescribed understory burns are needed to conserve California’s MCF.
ß 2008 Elsevier B.V. All rights reserved.
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1. Introduction
After a century of ﬁre suppression management, dense stands of
mixed conifer forest (MCF) have fueled high-severity wildﬁres over
extensive areas of the southwestern United States (e.g., Graham,
2003). Wildﬁres were far less destructive prior to ﬁre suppression
management initiated ca. 1900. In California, open park-like stands
were maintained by pre-suppression surface ﬁres that cleared the
understory of sapling and pole-sized trees (reviewed in Van
Wagtendonk and Fites-Kaufman, 2006; Minnich, 2007). In October
2003, massive wildﬁres burned 300 000 ha across southern
California, including approximately 10 000 ha of MCF. A crown ﬁre
stand-replaced nearly the entire 4000 ha ‘‘sky island’’ of MCF on
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Cuyamaca Mountain in the Peninsular Range. Dense forest stands
were completely charred, and patches of severely burned soil,
conspicuously reddened with thermally produced iron oxides,
covered as much as 15% of the land surface (Fig. 1; Goforth et al.,
2005).
The ﬁre affected Cuyamaca Rancho State Park (CRSP) represents
a microcosm of the MCF covering approximately 5.5  106 ha
(14%) of California (Barbour and Major, 1988). Previous studies
have assessed how ﬁre suppression altered the structure of MCF in
California, by relying upon indirect evidence of change, interpreted
from late nineteenth century written accounts, photographs, and
survey records (e.g., Minnich, 1988; McKelvey and Johnston, 1992;
Stephens and Elliot-Fisk, 1998; Gruell, 2001), or reconstructed
demographic patterns in modern stands (e.g., Vankat, 1977;
Vankat and Major, 1978; Kilgore and Taylor, 1979; Parsons and
DeBenedetti, 1979, Bonnicksen and Stone, 1982; Krofta, 1995), as
well as by directly quantifying long-term landscape-scale change
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Fig. 1. Dense stands of MCF at CRSP were completely charred by crown ﬁre and
lacked residual surface fuels. Photograph taken 54 days after ﬁre.
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(Minnich, 1986). The annual average temperature is 11.6 8C, with
monthly average temperatures ranging from 4 8C in January to 21 8C
in July.
About 4000 ha of MCF covered Cuyamaca Mountain, over
elevations ranging from 1300 to 1985 m. The forest was composed
of white ﬁr (Abies concolor [Gord. and Glend.] Lindl), incense cedar
(Calocedrus decurrens [Torr.] Floren.), sugar pine (Pinus lambertiana
Dougl.), Ponderosa pine (Pinus ponderosa Laws.), canyon live oak
(Quercus chrysolepis Liebm.), and California black oak (Quercus
kelloggii Newb.). The CRSP contained 1545 ha of old-growth
protected from logging and wildﬁre in the twentieth century,
and historical records indicate tree harvesting was limited in the
nineteenth century (e.g., Minnich, 2007, p. 509). Fire history maps
show most of the study area had not burned since suppression
records began in 1911, but pre-historical burning was evident from
ﬁre-scars on the base of large trees which lived for several
centuries (Dodge, 1975).
2.2. VTM plot replication

using repeat measurements (Minnich et al., 1995; Albright, 1998;
Bouldin, 1999; Stephenson and Calcarone, 1999). The availability
of long-term data at CRSP provided unique opportunity to directly
measure changes in forest structure and composition that
culminated in stand-replacement wildﬁre.
We utilized historical data collected for the Vegetation Type
Map (VTM) survey of California (Weislander, 1935a,b; after
Minnich et al., 1995) and aerial photographs taken in 1928 as
reference conditions comparable with modern repeat measurements, to quantify twentieth century changes in tree density, stem
diameter class distribution, canopy cover, and forest composition.
We also calibrate observations of forest change against data
obtained from a relatively unaltered MCF landscape (40 600 ha)
where ﬁre suppression had not been practiced, located 200 km S at
the Sierra San Pedro Mártir (SSPM) in Baja California, Mexico
(Minnich et al., 1997; Minnich and Franco-Vizcaı́no, 1998; Minnich
et al., 2000; Stephens and Gill, 2005; Stephens et al., 2007). Forest
successional trajectories (i.e., probable long-term changes) after
stand-replacement wildﬁre are analyzed on the basis of regeneration at CRSP, and trends observed in MCF elsewhere in California.
We hypothesize that (1) ﬁre suppression management in the
twentieth century caused increased tree density in old-growth
MCF stands, (2) stand-densiﬁcation broadens the size of crown ﬁre
from a process that historically cleared small forest gaps, to standreplacement of entire landscapes in modern conditions, and (3)
such large crown ﬁres extirpate stands of non-serotinous conifers
composing this ecosystem.
2. Methods
2.1. Study area
The CRSP is located about 65 km east of San Diego, California,
and 30 km north of the USA–Mexico international border
(1168350 W, 328570 N). Cuyamaca Mountain is uplifted Cretaceous
intrusive igneous batholith within the broader Peninsular Range,
which extends from Baja California, Mexico, north to the San
Jacinto Mountains in southern California, USA. Soils are derived
from gabbro colluvium at the study sites, and have sandy-loam to
loam textures in the A horizon (Goforth et al., 2005). The
Mediterranean-type climate is characterized by cold, wet winters
and warm, dry summers. Average annual precipitation is
925  350 mm (standard deviation) over the period 1887–2006 at
the Lake Cuyamaca Dam, with 87% resulting from extratropical
cyclones of the North Paciﬁc between November and April.
Approximately 15% of the annual precipitation occurs as snowfall

Three VTM plots were located in MCF at CRSP. The sample
locations are mapped at a scale resolution of ca. 100 m horizontal
distance and 50 m elevation, but were not permanently marked in
the ﬁeld. Although it is not possible to relocate individual trees that
were originally measured (Keeley, 2004), such spatial imprecision
does not preclude replication of VTM plots. Rather, it necessitates a
statistical resample of the local area where historical data was
gathered. Sampling error was minimized by replicating measurements at multiple sites over a narrow range of environmental
gradients (elevation, slope, aspect) encompassing the original VTM
plot locations (after Minnich et al., 1995; Table 1). A geographical
information system (GIS) was used to identify approximate latitude
and longitude coordinates for each plot shown on a georeferenced
digital copy of the original VTM plot map (after Bouldin, 1999). The
global positioning system (GPS) was used to locate coordinate
positions in the ﬁeld, about which eight replicate plots were
established. The VTM data for forest trees was collected within
20 m  40 m rectangular plots (Weislander, 1935a), and each modern
replicate plot has this same size (800 m2). Field data was gathered 48
months after ﬁre, precisely 75 years after the original VTM survey.
A census of trees within each plot was recorded according to
tree stem diameter class protocol of the VTM survey: (10–29.9 cm,
30–59.9 cm, 60–90.9 cm, and >91 cm). Oak trees often had
multiple stems with canopy stature that branched from a common
root crown base, at a height below 1.3 m where diameter is
conventionally measured (diameter at breast height, dbh). Such
stems were measured individually, while trees branching at dbh,
or above were measured as a single stem. Therefore, stem density
measurements of oaks are higher than the density of individual oak
trees.
Regenerating shrub cover was estimated by line interception
along the 40 m transect centerline of each plot (after Bauer, 1943).
The presence or absence of exotic annual grasses and forbs was
observed within ﬁve 1-m2 quadrats spaced at 10 m intervals along
this transect (40 quadrats total). Cover of exotic annuals and native
herbaceous vegetation (live and dead) was determined by point
interception along each transect (after Goodall, 1957), spaced at
1 m intervals (320 sample points total). The entire area of each plot
was searched for tree seedlings (6400 m2 total).
2.3. Aerial photograph measurements
Repeat aerial photographs for 1928 (1:7200 scale) and 1995
(1:12 000) record changes in tree crown densities and canopy
cover. Although the 1928 aerial photographs were taken using
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Table 1
Description of historical VTM plots and modern replicates located in the Cuyamaca Rancho State Park, southern California
Plot

Sample date

Locationa

Elevationb (m)

Slope (%)

Aspect

Oak

Conifers

191A52
A
B
C

April
April
April
April

1932
2007
2007
2007

32859.160 N, 116835.280 W
32859.3040 N, 116835.2740 W
32859.1600 N, 116835.3220 W
32859.0580 N, 116835.2620 W

1495  50
1450
1500
1530

30
35
30
25

E
E
E
E

25
138
38
24

113
387
562
688

CD,
CD,
CD,
CD,

191A53
D
E

April 1932
April 2007
April 2007

32858.950 N, 116835.580 W
32858.9320 N, 116835.5860 W
32859.0460 N, 116835.4660 W

1585  50
1645
1600

25
35
30

E
E
E

300
300
37

313
675
975

CD, 41; QC, 35; QK, 14; PL, 4; AC, 4; PP 2
CD, 59; QC, 29; QK, 2; PL, 5; AC, 4; PP 1
CD, 90; QC, 1; QK, 3; PL, 2; AC, 3; PP 1

191A55
F
G
H

April
April
April
April

32857.250 N, 116836.040 W
32857.2950 N, 116836.0140 W
32857.2640 N, 116836.0360 W
32857.2040 N, 116836.0600 W

1755  50
1750
1765
1775

30
15
25
20

E
E
E
E

125
63
0
0

388
975
937
525

PL,
PL,
PL,
PL,

a
b
c
d

1932
2007
2007
2007

Stemsc (ha1)

Forest compositiond (%)

37;
65;
90;
86;

40;
90;
48;
50;

QK,
QK,
QK,
QK,

AC,
AC,
AC,
AC,

9; AC, 27; QC, 9; PP, 18; PL, 0
21; AC, 5; QC, 5; PP, 2; PL, 2
4; AC, 0; QC, 2, PP, 4; PL, 0
2; AC, 0; QC, 2, PP, 9; PL, 1

31; QK, 22; CD, 5; QC, 2, PP, 0
1; QK, 5; CD, 2; QC, 2; PP, 0
28; QK, 0; CD, 9; QC, 0; PP, 15
0; QK, 0; CD, 48; QC, 0; PP, 2

Sample locations in 1932 were estimated from a digitized copy of the original VTM plot map (quadrangle 191) using a GIS.
Elevation of plots established in 1932 have 50 m of uncertainty due to spatial imprecision of the locations shown on the original map.
Stems >10 cm diameter at breast height.
Species: AC, Abies concolor; CD, Calocedrus decurrens; PL, Pinus lambertiana; PP, P. ponderosa; QC, Quercus chrysolepis; QK, Q. kelloggii.

primitive photogrammetry, stereoscopic viewing was possible
over about 60% of the MCF at CRSP. This coverage deﬁned
the sampling area. Ten separate aerial photograph scenes were
identiﬁed close to photograph nadir points to reduce parallax
distortion. Each scene was divided into a grid of four contiguous
square cells, giving a total of 40 replicate measurements. Scene
boundaries and cell divisions were georeferenced according to the
unique nearest-neighbor conﬁguration of landmark features, and
transferred from the 1928 photos onto the 1995 photos while
viewed at the same scale using a Zoom Transfer Scope (ZTS).
Each scene was then independently analyzed on both 1928 and
1995 photographs under magniﬁed stereoscopic view. Counts of
tree crowns were made within scenes using gridded transparencies that further divided each cell into 25 sub-cells of equal size.
Only trees in the canopy layer were counted (i.e., ‘‘crown heads’’
resolvable on the photographs), as sub-canopy trees were
camouﬂaged. Hence, the density of tree crowns was expected to
be lower than ground-based measurements of stem densities.
Canopy cover was estimated by the extent of interception within
each of the 25 sub-cells, rated from 0 (minimum) to 4 (maximum)
for contribution to total cover. The sum of the 25 units gave the
total cover (in percent).
Color aerial photographs taken in 1995 were used to map the
forest before ﬁre. The overstory assemblage was identiﬁed from
crown form, vertical structure, and color reﬂectance. Surviving
‘‘unburned islands’’ were mapped using color aerial photography
taken in November 2003 (1:12 000). Forest boundaries were
transferred onto a 1:24 000 topographic quadrangle using the ZTS,
and digitized into a GIS. We veriﬁed our forest map with ﬁeld
observation, reports of botanical collections, and other maps of
conifer distributions (Grifﬁn and Critchﬁeld, 1972; Beauchamp,
1986; Minnich and Everett, 2001). We also checked tree survival in
ground inspections aided with GPS navigation.

map/). The winds weakened on October 28 as the high pressure
ridge axis shifted northward. Westerly anabatic winds along the
western slope of Cuyamaca Mountain pushed the ‘‘Cedar ﬁre’’ into
MCF on October 28 (map on ﬁle, California Department of Forestry,
Sacramento, CA), although easterly ﬂow aloft continued to
resurface as ‘‘Santa Ana’’ winds at times throughout the day
(Fig. 2; data on ﬁle, Western Regional Climate Data Center, Reno,
NV). Air and fuel temperatures exceeded 30 8C, relative humidity
was <15%, and wind speeds were <20 km h1. By October 29,
onshore pressure gradients produced strong sustained northwesterly winds, but humidity did not recover until October 30
because the antecedent ‘‘Santa Ana’’ wind event displaced the
moist marine layer airmass far offshore of the Paciﬁc Ocean
coastline (cf., Franklin et al., 2006). The marine layer arrived after
the ‘‘Cedar ﬁre’’ had spread well east where the advancing ﬂames
stopped for lack of fuel remaining after the ‘‘Pines ﬁre’’ of 2002.
Over 95% of the entire MCF landscape at the CRSP was ﬁre-killed
(Fig. 3). Remaining ‘‘unburned islands’’ of MCF total just 70 ha. Rare
individual trees survive within the burn along roads (not mapped).
3.2. VTM plot replication

3. Results

Stem density almost doubled, from an average of
421  144 ha1 (standard error) in 1932 to 753  75 ha1 in 2007.
Conifers comprise nearly all of the reproduction, increasing from
271  82 trees ha1 to 716  79 ha1. Paired distributions of stem
diameter classes show signiﬁcant demographic changes for conifers
(Chi-square test, a = 0.05, d.f. = 3, x2 = 64.3, p < 0.001), including a
250% increase in density of pole-size trees (10–29.9 cm dbh), while
old-growth (>90 cm) declined by 40% (Fig. 4). The shade-tolerant C.
decurrens increased by nearly a factor of four due to ingrowth of small
trees (Fig. 5). Diameter class distributions of oak stems did not
signiﬁcantly change (Fig. 6; x2 = 5.2, p = 0.073), and their modern
average stem density (100  43 ha1 in) overlaps with measurements
taken in 1932 (150  80 ha1).

3.1. Stand-replacement wildﬁre

3.3. Repeat aerial photography

The CRSP was burned at the end of a week-long episode of dry
easterly winds moving from the Great Basin to the Paciﬁc Ocean
(i.e., ‘‘Santa Ana’’ winds). From October 24 to 28, an upper level
ridge with a closed center of 6000 m at 500 mb steered dry
northeast ﬂow over southern California (NOAA Daily Weather
Maps, available online at http://www.hpc.ncep.noaa.gov/dailywx-

Open stands in 1928 developed closed canopies in all of the
1995 aerial photograph scenes. Signiﬁcant increases were measured in crown density (directional Mann–Whitney test, a = 0.05,
W = 2402, p < 0.001) and canopy cover (W = 2420, p < 0.001). The
change in crown density paralleled trends of stem densiﬁcation for
conifers measured in ground-based plots, increasing from
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Regenerating shrub cover ranged from 5% to 87%, averaging
63  11%, and was almost entirely composed of Ceanothus palmeri
Trel. (Fig. 10). This shrub attained reproductive maturity after only
three growing seasons. Exotic annual grasses and forbs were absent
from 68% of the 1-m2 quadrats. Herbaceous cover ranged from 3% to
76%, averaging 21  9% (Fig. 11). Cover of exotic annuals ranged from
0% to 58%, averaging 10  7%, with Bromus diandrus Roth most
common. Plot A with the greatest exotic annual cover (58%) occurred
within 100 m of a home. Otherwise, exotic annuals were sparse in
the other seven plots, all far from disturbed land, with cover averaging
only 3  2% (range 0–8%). We found no signiﬁcant correlation of
exotic annual cover with shrub cover (a = 0.05, p = 0.76, r = 0.12) or
tree density (p = 0.11, r = 0.61). Native forbs covered between 0%
and 34%, averaging 11  4%. The most prevalent native was the
western mountain pea Lathyrus vestitus Nutt.
4. Discussion
4.1. Forest densiﬁcation

Fig. 2. Meteogram of weather conditions registered every 6 h at the Julian RAWS
station located 10 km north of CRSP during the ‘‘Cedar ﬁre’’ of October 2003. ‘‘Santa
Ana’’ winds occurred from 24 October to 28 October (shaded window). (A) Air
temperature is shown by trend line, while temperature of 10-h. woody fuels (1.3 cm
dia) is plotted by the symbol (~). (B) Relative humidity. (C) Azimuths of wind
direction where 08 is north. (D) Sustained wind speed and maximum gusts.

69  4 ha1 in 1928, to 165  6 ha1 in 1995 (Fig. 7). Canopy cover
similarly increased from 47  2% to 89  1% (Fig. 8).
3.4. Post-ﬁre regeneration
MCF did not regenerate at CRSP, 48 months after ﬁre (Table 2).
Species-speciﬁc seedling deﬁciencies were as large as 937 ha1
for non-serotinous conifers composing this ecosystem, with
stand extirpation of C. decurrens, P. lambertiana, and P. ponderosa
(Fig. 9). We found only A. concolor seedlings in ﬁre-killed stands,
at a density of 16  14 ha1. Seedlings of C. decurrens and P.
ponderosa were found near scorched trees that survived nearby
(e.g., Plot A). Because oak crowns were killed, stems basally
sprouted new growth regardless of diameter class (n = 91 stems).
No acorn production had occurred on this post-ﬁre growth, nor
were oak seedlings observed.

Replication of VTM forest plots and repeat aerial photography of
CRSP document signiﬁcant densiﬁcation of stems, similar to trends
reported in other studies of MCF throughout California (Vankat,
1977; Vankat and Major, 1978; Kilgore and Taylor, 1979; Parsons
and DeBenedetti, 1979; Bonnicksen and Stone, 1982; McKelvey
and Johnston, 1992; Minnich et al., 1995; Albright, 1998; Ansley
and Battles, 1998; Bouldin, 1999; Barbour et al., 2002). Suppression
of wildﬁre in the twentieth century prevented normal selective
thinning of sapling and pole-sized trees in the forest understory,
permitting continuous recruitment and increasing canopy cover by
the shade-tolerant C. decurrens. Conifers attained local densities as
high as 975 trees ha1 > 10 cm dbh (Table 1). The overabundance
of sapling and pole-size trees which compete for limited soil
moisture and nutrients is likely a factor causing decline of oldgrowth stem density in addition to air pollution injury, and such
dense stands may increase the susceptibility of Pines to bark beetle
infestation with mass die-off events during droughts (e.g., Savage,
1994; Minnich et al., 1995; Jones et al., 2004; Minnich, 2007).
Fire suppression records available at CRSP from 1970 to 1980
verify that 12 lightning initiated ﬁres were extinguished in MCF, all
less than a few hectares in size (Gaidula and Biswell, 1983). These
ignitions occurred mostly in summer, from thunderstorms of the
North American Monsoon (reviewed by Minnich, 2006, p. 20–24).
The suppression records give an average detection rate of 1.2
lightning ﬁres year1 in the 15 km2 study area, or 0.08 ﬁres
km2 year1. Since the density of summer lightning strikes
averages about 3 km2 year1 (Wells and McKinsey, 1993), the
ignition efﬁciency was only 3% of strikes requiring suppression,
similar to MCF elsewhere in the mountains of southern California
and Baja California (Minnich et al., 1993). At this rate over 75 years,
perhaps six lightning ﬁres km2 required suppression.
We calibrated our observations of forest change at CRSP against
data gathered in the SSPM. Ground-based sampling of stand
structure in the SSPM measured conifers >60 cm dbh at densities
of 27–56 ha1 (Minnich et al., 1995; Stephens and Gill, 2005)
which overlaps with the VTM plot densities of 25–63 ha1 for the
same size stems measured in 1932 at CRSP. Aerial photography
sampling of stand structure in the SSPM give overstory tree
densities of 65–145 ha1 and cover of 25–45% (Minnich et al.,
2000), similar to aerial photograph scenes of CRSP in 1928 showing
tree crowns at densities of 39–86 ha1 with cover of 24–63%. These
results also overlap with ground-based measurements of canopies
covering 14–56% of stands in the SSPM (Stephens and Gill, 2005;
Stephens et al., 2007). Such broad overlap of structural conditions
suggests that measurements of MCF at CRSP in 1928 and 1932 do
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Fig. 3. The remaining extent of MCF in Cuyamaca Rancho State Park after stand-replacement wildﬁre in October 2003 (shaded area) is 5% of the pre-ﬁre area shown.
Locations of replicated VTM plots (A–H) and repeat aerial photograph scenes (1–10) are indicated for reference.

not substantially differ from pre-suppression conditions. Thus, the
historical data represent a valid ‘‘baseline’’ for evaluating change.
4.2. Post-ﬁre successional trajectories

serotinous conifers whose seed borne on ﬁre-killed trees were
almost completely destroyed. The massive extent of standreplacement at CRSP exceeds the seed dispersal capacity of
remaining live trees, and nearest-neighbor seed sources are distant
within this severely burned forest. Lengthy immigration lag-times

Many factors may prevent regeneration of MCF after standreplacement wildﬁre. The forest assemblage is composed of non-

Fig. 4. Average conifer density according to stem diameter class, 1932–2007. Error
bars indicate one standard error.

Fig. 5. Average density of tree species, 1932–2007. AC, Abies concolor; CD, Calocedrus
decurrens; PL, Pinus lambertiana; PP, P. ponderosa; QC, Quercus chrysolepis; QK, Q.
kelloggii.

B.R. Goforth, R.A. Minnich / Forest Ecology and Management 256 (2008) 36–45

41

Table 2
Seedling census 48 months after wildﬁre
Species

Plot
Aa

Abies concolor
Calocedrus decurrens
Pinus lambertiana
P. ponderosa
Quercus chrysolepis
Q. kelloggii
Total
Density ha1
Fig. 6. Average oak density according to stem diameter class, 1932–2007.

Fig. 7. Increase in average density of tree crowns, 1928–1995.

are expected because there is low probability of long-range seed
dispersal within ﬁre-killed stands, and from forests in neighboring
mountain ‘‘sky islands’’ located tens to hundreds of km away
(Minnich, 1987a; Minnich and Everett, 2001). Post-ﬁre growth of C.
palmeri may suppress conifer regeneration for decades (Minnich,
1978; Conard and Radosevich, 1982; Albright, 1998), and poses
greater interference to recruitment than the sparse cover of exotic
annual grasses and forbs reported to have invaded the burned
forest stands after ﬁre (cf., Franklin et al., 2006). While Ceanothus
declines in abundance over decades, the shrub regenerates from a
soil-stored accumulation of dormant refractory seed with germination stimulated by ﬁre (e.g., Kauffman and Martin, 1991). It is
unlikely that conifer seedlings will recruit to reproduce subsequent generations because maturation times are lengthy relative
to ﬁre recurrence intervals (ca. 50  20 yr., Minnich et al., 2000), and
immature trees generally lack stature necessary to survive burning.

a

B

C

D

E

F

2
219
0
1
0
0

0
0
0
0
0
0

0
0
0
0
0
0

0
0
0
0
0
0

0
0
0
0
0
0

0
0
0
0
0
0

G
8
0
0
0
0
0

H
1
0
0
0
0
0

222
2775

0
0

0
0

0
0

0
0

0
0

8
100

1
13

Plot A had surviving trees nearby.

Comparable forest successions after stand-replacement wildﬁres in the San Bernardino Mountains may foretell likely changes
at CRSP (Albright, 1998; Minnich, 1978, 1988). At Heaps Peak,
dense second-growth MCF was burned by crown ﬁre in 1922. This
1000 ha area was subsequently mapped as a Q. kelloggii woodland
by the VTM survey in the 1930s (Redlands quadrangle) due to poor
recruitment of conifers. Most of the area was burned by crown ﬁre
again in 1956. Although nearest seed trees were only 1.5 km away,
there was very little colonization by 1974 when sampling
documented conifer densities of <20 ha1 (Minnich, 1978).
Sampling in 1995 found no increase, and conifers comprised only
10% of vegetation cover (Albright, 1998). The area burned in the
October 2003 ﬁrestorm, which also killed neighboring MCF, and is
presently dominated by basally sprouting Q. kelloggii as well as
shrubs of Ceanothus.
4.3. Increasingly fragmented MCF ‘‘sky islands’’ in the Peninsular
Range
Stands of MCF in southern California’s Peninsular Range are
widely separated by mountains and valleys covered with
chaparral, oak woodland, and exotic annual grasslands (Minnich
and Everett, 2001). Small unburned stands of P. ponderosa remain
at CRSP, which is the southernmost distribution in the California
ﬂoristic province (Grifﬁn and Critchﬁeld, 1972). The nearest
populations are smaller groves at Pine Hills (7 km N), and Doane
Valley in Palomar Mt. (46 km N, Minnich and Everett, 2001). The
San Jacinto Mountains (85 km N) are presently the only large
population of P. ponderosa remaining in the Peninsular Range. Few
old-growth stems of P. lambertiana survived the stand-replacement wildﬁre at Cuyamaca Mountain (Oberbauer, 2007). Small
stands grow at Hot Springs Mt. (32 km N), and a small grove was
recently discovered at Palomar Mt. (Goforth and Minnich, 2003).
Large populations cover the higher San Jacinto Mountains and the
SSPM (Minnich, 1987a).
4.4. Did large crown ﬁres occur in MCF prior to ﬁre suppression and
logging?

Fig. 8. Increase in average canopy cover, 1928–1995.

A recent book questions whether large stand-replacement
wildﬁres occur outside of the historical range of variation (Keeley,
2006, p. 380), citing earlier studies by Minnich (1978, 1999) as
showing large pre-suppression crown ﬁres in southern California’s
MCF in the late nineteenth century, and evidence of former conifer
forests now occupied by chaparral indicating high-intensity crown
ﬁres prior to the twentieth century. Minnich (1978, p. 134–135)
actually documents large crown ﬁres in the late nineteenth century
that occurred in dense second-growth which had been logged and
was therefore already outside the range of historical variation, and
Minnich (1999, p. 69) reports pre-suppression canopy ﬁres cleared

42

B.R. Goforth, R.A. Minnich / Forest Ecology and Management 256 (2008) 36–45

Fig. 11. Sparse cover of exotic annuals in the forest understory, 48 months after ﬁre.
Nearly all exotic cover present was the annual grass Bromus diandrus.

numerous small forest gaps in contrast with modern standreplacement wildﬁres. A body of evidence indicates that large
stand-replacement wildﬁres do not occur within the historical
range of variation in MCF successions. For example, MCF does not
grow in even-aged cohorts characteristic of serotinous conifers
prone to crown ﬁres (reviewed by Minnich, 2007). Dendrochronology studies in MCF report mixed ages of trees that live for
several centuries, and deduce on the basis of ﬁre-scar intervals
within their growth-rings, recurrence of many understory burns
that stands survived prior to ﬁre suppression (e.g., McBride and
Laven, 1976; Kilgore and Taylor, 1979; Caprio and Swetnam, 1995;
Kerr, 1996; Taylor, 2000; Stephens, 2001; Everett, 2003; Stephens
et al., 2003; Stephens and Collins, 2004). Written historical records
such as Forest Reserve Reports of late nineteenth century land
surveys in the mountains of southern California describe presuppression surface ﬁres that burned understory fuels (Leiberg,
1900, p. 453). Botanical surveys emphasize a lack of damage to
overstory trees in burned stands (e.g., Hall, 1902, p. 25). At the time
ﬁre suppression records began in southern California, the State
Forester wrote (Homans, 1910, p. 60):
Ground ﬁres are the prevailing type in mature timber, crown ﬁres
being practically unknown in Southern California. They consume as
fuel the litter of needles and twigs, and whatever under-growth,
either brush or [conifer] reproduction, that may cover the forest
ﬂoor. . .Ordinarily they are not difﬁcult to control, but if not checked
will run through the needles and decayed litter for miles, although
seldom becoming severe enough to kill large trees. The exception is
found where there is a dense stand of brush underneath the timber,
or a clump of trees occurs in a chaparral area. . .The destructive
element of the ground ﬁre is that it kills all reproduction, leaving
only a stand of mature trees.
Fig. 9. Species-speciﬁc departure of seedling density from ﬁre-killed trees in plots
equated to massive deﬁciencies and extirpations. The asterisk (*) indicates no
change due to matching density of mortality and regeneration, while missing bars
indicate species absence from plot.

Fig. 10. Extensive cover of shrubs in the forest understory, 48 months after ﬁre.
Shrub cover was almost entirely Ceanothus palmeri.

Leiberg (1899, p. 354) observed pre-suppression crown ﬁres
limited to ‘‘scattered coniferous trees or groves among the
chaparral.’’ Aerial photographs taken in 1938 verify small crown
ﬁres dating back to the pre-suppression period, showing standreplacement patches in areas where trees grow with dense shrub
cover, usually on steep exposed slopes subject to ‘‘ﬁre runs’’ uphill,
totaling ca. 5% of the old-growth forest (Minnich, 1988, p. 49–52).
According to Leiberg (1899, p. 354): ‘‘There is not the slightest
evidence to prove that chaparral areas were covered with timber
within the historic period, nor that ﬁres increase these areas at the
expense of the timbered regions.’’
Similarly, without ﬁre suppression in Baja California, Mexico,
stand-replacement wildﬁre is localized in the SSPM and forest
distributions are stable. A spatially explicit reconstruction of 865
ﬁre perimeters in MCF mapped using repeat aerial photography
since 1925 show that crown ﬁre collectively amounts to <16% of
individual burn areas, and is limited to <5 ha size patches mostly
found on steep slopes with shrub understory fuels that generate
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elevated scorch heights (Minnich et al., 2000). The ﬁre regime is
characterized by countless lightning ignited surface ﬁres, most of
which burn small accumulations of leaf litter and scar the bases
of individual trees, but such ‘‘micro burns’’ cover little
cumulative area. Less frequently, at site-speciﬁc intervals of
only two or three times per century, an intense surface ﬁre
spreads among stands. These ‘‘mass burns’’ are observed to
generate scorch heights up to 10 m above ground which
selectively clears the understory of sapling and pole-sized trees
while pruning the lower branches of overstory trees, resulting in
open park-like stands mostly occupied by old-growth trees as
qualitatively discussed in numerous pre-suppression accounts of
MCF in California. Dense stands subject to stand-replacement
wildﬁre in the SSPM are rare and localized, forming small
fragmented areas within the landscape mosaic of previous ‘‘mass
burns’’ at locations that have not burned in the past century due
to circumstances of chance.
Many studies describe ﬂoristic and environmental similarities
between MCF in the SSPM and sites in California; for example, the
San Jacinto Mountains (Minnich, 2001), the San Bernardino
Mountains (Minnich et al., 1995), and the eastern Sierra Nevada
(Barbour et al., 2002; Stephens and Gill, 2005). The historical
structure of MCF in the western Sierra Nevada may also be similar
to the SSPM (Minnich et al., 2000), and requires further study. The
shared demographic patterns of old-growth trees, which matured
well before ﬁre suppression was implemented, are independent of
potential differences in climate suggested to preclude similarity
between MCF in the SSPM and California (cf., Keeley, 2006, p. 361).
These ﬁndings indicate that structural conditions of old-growth
MCF in California have diverged from the SSPM in the past century
because of ﬁre suppression practiced north of the USA–Mexico
international border. The scale of stand-replacement in southern
California has been linked to the large size of modern chaparral
wildﬁres which spread into the adjoining MCF landscape as with
the massive ‘‘Cedar ﬁre’’ of October 2003, and trans-border
comparisons of burn mosaics indicate ﬁre suppression is a likely
factor causing these large wildﬁres (Minnich and Bahre, 1995;
Minnich and Chou, 1997).
5. Conclusions
Fire suppression destabilizes MCF by allowing widespread
accumulation of fuel (live and dead biomass) in the form of leaf
litter accumulations, coarse woody debris, and understory
growth of shrubs and conifer regeneration. Fire suppression
also selects for wildﬁres during extreme weather states when
ignitions are least efﬁciently extinguished as in summer ‘‘heat
waves’’ or dry easterly ‘‘Santa Ana’’ winds in autumn that pushed
the October 2003 ﬁrestorm across southern California (Minnich,
2006). Pre-suppression crown ﬁre cleared small forest gaps,
whereas densiﬁcation resulting from ﬁre suppression promotes
extensive stand-replacement wildﬁres involving whole MCF
landscapes like at CRSP. Such large crown ﬁres extirpate stands of
non-serotinous conifers composing this ecosystem. In this
context, the term ‘‘stand-replacement’’ somewhat misrepresents
how crown ﬁre alters MCF successions; it does not result in a
replacement by like kind, but rather by oaks and shrubs that
sprout new stems or germinate from dormant refractory seed
stored in the soil.
In the seminal book Prescribed Burning in California Wildlands
Vegetation Management, Harold Biswell predicted the entire CRSP
would be destroyed by a single wildﬁre if prescribed burning
was not practiced (Biswell, 1989, p. 78). A prescribed burning
program was developed for the park. However it relied upon use
of small low-intensity ﬁres to reduce surface fuels (Gaidula and
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Biswell, 1983). Over 20 years, 35 prescribed burns were
administered treating a total of only 590 ha, and such localized
results did not mitigate the hazard (Goforth and Boyce, 2003).
This experience suggests it is impossible to administer enough
small low-intensity burns to reduce accumulations of surface
fuels in a dense forest of MCF over a landscape scale of
management.
Prescribed ﬁres in MCF need to be larger and more intense than
presently envisioned, to not only reduce surface fuels over broad
areas, but also to generate higher scorch heights sufﬁcient to clear
the understory of sapling and pole-sized trees while pruning the
lower limbs of surviving overstory trees. Repeat aerial photography of MCF in the SSPM show that small, low-intensity surface
ﬁres do not greatly inﬂuence landscape patterns of forest
demography, or the patterning of subsequent wildﬁres because
they remove minor quantities of fuel (i.e., live and dead biomass)
compared to more intense understory ﬁres that burn among
stands (Minnich et al., 2000). Since fuels gradually accumulate
over decades in MCF and adjoining chaparral landscapes (e.g.,
Minnich and Chou, 1997; Minnich et al., 2000), only a few modest
size burns are needed per century. Their placement can exploit the
existing landscape mosaic of previously burned patches so that
prevailing winds push ﬂames toward recent burns which
constrain further spread. Fire suppression can be relaxed in
remote areas, letting unplanned ignitions burn under the
observation of ﬁre crews, even for weeks or months in summer,
so that alternating smolder-and-run ﬁre behavior develops in
phase with a broad range of weather conditions, promoting
heterogeneous burn severities over the landscape as reported in
numerous pre-suppression accounts (e.g., Minnich, 1987b, 1988,
2006, p. 29–32). Potential cost savings earned from these
adjustments in ﬁre management may help to reduce suppression
expenses incurred in California, and elsewhere in the southwestern United States (GAO, 2007).
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