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a b s t r a c t

Fire is an important process in California closed-cone pine forests; however spatial variability in post-fire
stand dynamics of these forests is poorly understood. The 1995 Vision Fire in Point Reyes National Sea-
shore burned over 5000 ha, initiating vigorous Pinus muricata (bishop pine) regeneration in areas that
were forested prior to the fire but also serving as a catalyst for forest expansion into other locales. We
examined the post-fire stand structure of P. muricata forest 14 years after fire in newly established stands
where the forest has expanded across the burn landscape to determine the important factors driving var-
iability in density, basal area, tree size, and mortality. Additionally, we estimated the self-thinning line at
this point in stand development and compared the size–density relationship in this forest to the theo-
rized (�1.605) log–log slope of Reineke’s Rule, which relates maximum stand density to average tree size.
Following the fire, post-fire P. muricata density in the expanded forest ranged from 500 to 8900 live
stems ha�1 (median density = 1800 ha�1). Post-fire tree density and basal area declined with increasing
distance to individual pre-fire trees, but showed little variation with other environmental covariates.
Self-thinning (density-dependent mortality) was observed in nearly all stands with post-fire density
>1800 stems ha�1, and post-fire P. muricata stands conformed to the size–density relationship predicted
by Reineke’s Rule. This study demonstrates broad spatial variability in forest development following
stand-replacing fires in California closed-cone pine forests, and highlights the importance of isolated
pre-fire trees as drivers of stand establishment and development in serotinous conifers.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Ecological studies following severe disturbances such as stand-
replacing fires have historically focused on temporal dynamics of
stand development (Oliver, 1980). However, growing emphasis is
being placed on how post-disturbance spatial heterogeneity
changes through time as successional patterns and ecosystem
function can vary greatly across landscapes (Turner et al., 1997,
2004; Franklin et al., 2002). For example, post-fire tree establish-
ment and stand density can be spatially variable in serotinous
conifers (Kashian et al., 2004, 2005; Pausas et al., 2004), which
can drive variability in primary productivity (Turner et al., 2004),
carbon storage (Kashian et al., 2006), and soil chemistry (Zinke,
1962). Development of new stands where pines expand into previ-
ously unforested areas following disturbance can have lasting im-
pacts to an ecosystem (Johnstone and Chapin, 2003), and
understanding modes of forest expansion is ecologically important
(Harper, 1977; Nathan et al., 2002).
ll rights reserved.
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The California closed-cone pine species are adapted to high-
severity, stand-replacing fires (Stuart and Stephens, 2006), yet lit-
tle is known about their post-fire stand dynamics (Borchert et al.,
2003; Barbour, 2007). Serotinous pines are considered fire obligate
seeders because they hold seeds tightly bound in cones sealed with
resin and release seeds en masse following fire (Keeley and Zedler,
1998). Fire initiates in situ tree regeneration for these species and
can facilitate population expansion to new areas (Keeley, 1995;
Johnstone and Chapin, 2003). In this study, we examined the spa-
tial variability in stand structure and stand development patterns
in newly established post-fire stands of Pinus muricata D. Don
(bishop pine); a serotinous coastal pine endemic to the California
Floristic Province (Millar, 1986b).

Spatial variability in forest stand structure can allow for differ-
ent processes, typically assigned to a single temporal stage in stand
development, to occur simultaneously across a landscape (Franklin
et al., 2002). One important stage in forest stand development is
the stem exclusion (Oliver, 1980), or biomass accumulation/
competitive exclusion stage (Franklin et al., 2002) when self-thin-
ning occurs (Peet and Christensen, 1987). As the average size of liv-
ing trees and stand-level tree biomass increase, density (number of
living individual trees per area) decreases because available re-
sources can support fewer larger trees (Peet and Christensen,
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1987). Self-thinning can be spatially variable – beginning almost
immediately following fire in patches of dense regeneration or
much later (or potentially not at all) in areas of low density (Peet
and Christensen, 1987; Kenkel et al., 1997; Franklin et al., 2002)
or poor site conditions when stagnation can delay thinning even
in dense stands (Oliver and Larson, 1996).

Much research has been devoted to quantitative size–density
relationships in attempts to develop ecological laws regarding
self-thinning (Reineke, 1933; Yoda et al., 1963). The �3/2 power
law of self-thinning (Yoda et al., 1963) compares the biomass of
plants to density (number of plants per unit area) in even-aged sin-
gle-species stands with complete crown closure. Analogously,
Reineke’s Rule (sensu Pretzsch and Biber, 2005) instead utilizes
the quadratic mean diameter (QMD) at breast height as the mea-
sure of tree size, and states:

lnðtrees hectare�1Þ ¼ �1:605 � lnðQMDÞ þ lnðkÞ

where k is a constant that varies with species (Reineke, 1933).
Although Reineke’s Rule does not account for the third dimension
in volume (height) that was initially used to establish ecological
laws such as the �3/2 power law of self-thinning (Turnblom and
Burk, 2000), mean diameter is closely correlated with crown width
and can be a better measure of response to changes in stand density
than average tree biomass (Zeide, 1987). Debate exists regarding
the constancy of Reineke’s (1933) self thinning slope of �1.605, as
well as the slope in the �3/2 power law of self-thinning (Weller,
1987, 1991; Lonsdale, 1990). Nonetheless, quantitative size–density
relationships are useful both for direct applications in forest man-
agement, as well as theoretical inquiries of natural selection in
plants through self-thinning (Zeide, 2010).

The 1995 Vision Fire burned over 5000 ha in Point Reyes Na-
tional Seashore (PRNS) (Folger, 1998; Pribor, 2002) including
423 ha of mature P. muricata stands that had not burned since
1927 (Sugnet, 1981). Nearly all trees within the fire perimeter were
killed. However, by triggering the release of seeds from serotinous
cones, the fire initiated dense regeneration of P. muricata in previ-
ously forested areas (Folger, 1998) and catalyzed forest expansion.
The area forested by P. muricata increased by 360 ha (85%) follow-
ing the fire, most notably down slope from Inverness Ridge and
into pre-fire coastal scrub, grassland, and Pseudotsuga menziesii/
mixed-evergreen forest communities (Forrestel et al., 2011)
(Fig. 1).
Fig. 1. (a) Point Reyes National Seashore, located along the Pacific Coast in Northern Cali
outlined. (c) Map of the P. muricata forested area within the perimeter of the Vision fire
stands are shaded gray. Plot locations are shown within the expanded forest stands (+).
The overall goal of this study was to examine, 14 years after fire,
stand development of a California closed-cone pine species where
the forest footprint expanded as a result of the Vision Fire. Specif-
ically, we address three primary research questions: (1) How var-
iable is the stand structure (density, tree size, and basal area,
density-dependent mortality) in the post-fire cohort and what bio-
tic (e.g. seed source) and abiotic (e.g. topography) factors best ex-
plain this variability? (2) What is the density where self-thinning
initiates in newly established stands 14 years after fire in this for-
est? (3) Does the self-thinning relationship between density and
average tree size for P. muricata conform to the log–log regression
slope of �1.605 predicted by Reineke (1933)? We expected to find
high spatial variability in stand structure, represented by high
among-stand coefficients of variation (CV) for density, tree size, ba-
sal area, and mortality. We expected density and basal area to be
negatively correlated with distance from pre-fire stands. Density
was expected to be negatively correlated with mean tree size
and positively correlated with mortality caused by density-depen-
dent thinning. No a priori hypothesis was conjectured for the
threshold density of self-thinning in newly established stands or
our test of the conformity of P. muricata to the Reineke’s (1933)
Rule.
2. Methods

2.1. Study area

Point Reyes National Seashore is a 28,761 ha unit of the US Na-
tional Park Service (NPS) located along the Pacific Coast of Califor-
nia (USA) approximately 40 km northwest of San Francisco (Fig. 1)
(National Park Service, 2006). The climate is Mediterranean, with
cool rainy winters and warm dry summers; although heavy sum-
mer fog mitigates the impact of dry summers. Temperature (mea-
sured at the Bear Valley Visitor Center) ranges from a mean of
8.4 �C in January to 14.5 �C in September, and mean annual precip-
itation is 91 cm (National Park Service, 2010). Elevation in the
study area ranges from 25 to 380 m above mean sea level. Forest
stands are characterized by pure P. muricata canopies. Understory
composition ranges from sparse vegetative cover where P. muricata
density is high to a mixture of Rhamnus californica, Rubus ursinus,
Baccharis pilularis, Toxicodendron diversilobum, and several grami-
noids in more open stands. Pinus muricata trees in the study area
fornia. (b) The park extent is shaded and the perimeter of the 5000 ha Vision Fire is
. Pre-fire (1994) stands are shown in black, while expanded forest, post-fire (2007)



Table 1
Candidate predictor variables used in regression models for stand structure and for
stand characterization.

Variable (units) Units Type

Elevation m – msl Continuous
Slope Degrees Continuous
Aspect (Beers’ transformed) Degrees Continuous
Topographic curvature 1/100 – z units Continuous
Topographic position index n/a (index) Continuous
Annual incident solar radiation MWH m�2 Continuous
Distance to prefire stand m Continuous
Distance to prefire tree m Continuous
Direction to prefire stand Degrees Continuous
Direction to prefire tree Degrees Continuous
Prefire vegetation cover Community Categorical
Soil type Various Categorical
Geologic parent material Various Categorical
Fire severity Low, moderate, high Categorical
Evidence of burned P. muricata tree Yes/no Binary
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established after the 1995 Vision Fire and comprise a single cohort
of trees 614-years-old at the time of this study. Because other
studies have examined in situ post-fire regeneration of P. muricata
stands (Holzman and Folger, 2005; Harvey, 2010) and due to the
significant expansion of P. muricata following the Vision Fire (Forr-
estel et al., 2011), we focused on stands that were non-forest prior
to the fire (Fig. 1).

2.2. Forest stand selection

Sample plots were randomly located within mapped P. muricata
forest patches identified on a map of post-fire vegetation digitized
from 1-m resolution natural color aerial digital-orthophoto-
quarter-quadrangles (DOQQs) taken in March 2004 (Forrestel
et al., 2011). Stands were defined by a minimum of 5 trees per
100 m2 (0.01 ha) and were not forested by P. muricata prior to
the 1995 Vision fire. Plot locations were determined using the
Random Point Generation function in the Hawth’s Analysis Tools
(Beyer, 2004) extension for ArcGIS with a minimum distance of
300 m enforced between points to minimize spatial autocorrela-
tion among samples. To minimize effects of edges and vegetation
management near thoroughfares, all plots were located a mini-
mum of 15 m from the nearest road or trail.

2.3. Field data collection

Stand structure data were collected in 0.01-ha (10 � 10 m)
plots between November 2009 and January 2010 (n = 33). Plot
center-point coordinates were located in the field using a hand-
held Trimble Juno GPS unit. In each plot, all live and dead trees
that had established post-fire, were at least 1.4 m in height, and
rooted within the plot boundary were measured for diameter at
breast height (1.4 m; dbh) to the nearest 0.5 cm. No live trees
below 1.4 m in height or surviving pre-fire trees were observed,
as the stand-replacing fire regime of P. muricata produces nar-
row pulses of post-fire recruitment. The presence or absence of
any solitary burned P. muricata snag, fallen logs, or cones was re-
corded. Stands were single-species, single-cohort stands, with
very little or no observed spatial clumping of seedlings that
can typically occur after in situ regeneration in previously for-
ested areas of serotinous species (Kenkel, 1988). Therefore, stand
structure was characterized by the number of live and dead
trees, tree density, average tree size (dbh of live and dead
post-fire trees), and basal area recorded and all summed to the
whole plot. Slope (degrees), aspect (compass azimuth), elevation
(in meters above mean sea level), and topographic curvature
(either convex, concave, flat, or undulating in the planform and
profile directions), and GPS coordinates were also recorded for
each plot.

2.4. Additional GIS data collection

A 1994 NPS GIS vegetation map (Shirokauer, 2004) depicting
plant community polygons was used to determine the size and
location of pre-fire P. muricata stands within the Vision Fire
perimeter and the pre-fire vegetation community in current
post-fire expanded P. muricata stands. A United States Geological
Survey National Elevation Dataset digital elevation model (DEM)
was obtained for the study site at 1/3 arc second (10 m) resolu-
tion. Soils data were extracted from the Soil Survey Geographic
(SSURGO) database (United States Department of Agriculture –
Natural Resources Conservation Service, 2000), geologic parent
material data were extracted from a NPS geologic resources
map (National Park Service Geologic Resource Evaluation Pro-
gram, 2008), and fire severity data were from the Burn Area
Emergency Rehabilitation Plan map (United States Department
and of the Interior, 1995).

Using the 1994 NPS GIS vegetation map, Euclidean distance and
direction from each sample plot to pre-fire P. muricata stands were
calculated. Because pre-fire stands were delineated using a mini-
mum polygon threshold of 0.1 ha for canopy cover, occasional evi-
dence of solitary pre-fire trees situated outside of continuous
stands was found within plots. To record the location of solitary
pre-fire P. muricata trees outside of continuous stands, individual
trees surrounding each plot were digitized into a GIS from 1-m res-
olution 1993 DOQQ black and white aerial photos. Euclidean dis-
tance and direction from solitary pre-fire trees to each plot were
calculated in the GIS. Isolated P. muricata trees identified in the
photos were verified in the field by the presence of a standing snag,
fallen logs, or other evidence of burned P. muricata branches and/or
cones.

The GIS layers were used to compute values for several addi-
tional potential explanatory variables. The DEM was utilized to
generate the following elevation-derived raster layers: elevation,
slope, Beers’ transformed aspect (Beers et al., 1966), topographic
curvature, topographic position (fine, moderate, coarse), and an-
nual incident solar radiation.

2.5. Data analysis

To assess variability in stand structure among stands, descrip-
tive statistics and distribution histograms were calculated for field
measures of P. muricata density, mortality, average tree size, and
basal area for each plot. To quantitate the within-stand variability
in tree size, we calculated the CV for the dbh of all live trees in each
stand. Independent-groups t-tests were used to compare mean
stand structure values between stands with any evidence of soli-
tary pre-fire P. muricata trees to those without.

Stepwise linear regression was used to examine relationships
between P. muricata stand structure (density, mortality, average
tree size, and basal area) and potential explanatory biotic and abi-
otic variables (Table 1). Candidate variables (above critical0.05

Spearman rank correlation with the response variable) were added
into the model using forward stepwise regression. The Bayesian
information criterion was used to conservatively select the best
model with the fewest explanatory terms and variables with
P > 0.05 were removed before the final model was selected. After
removing stands from the analysis where no density-dependent
thinning (characterized by dead P. muricata trees that established
post-fire with no evidence of mechanical wounds, disease, insect
infestation, or other tree death obviously not related to competi-
tion) was observed, ordinary least squares regression was used to
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test Reineke’s (1933) log–log model and a t-test was used to com-
pare the size–density slope found in this study to Reineke’s size–
density slope of �1.605.

All variables used in parametric tests or regression models were
transformed as necessary to satisfy normality assumptions. Live
tree density, total tree density (live and dead trees), and basal area
(m2 ha�1) were log10 transformed. Percent mortality did not meet
assumptions for normality, so non-parametric correlations were
performed to assess relationships between mortality and explana-
tory factors. After excluding plots where no mortality was ob-
served, percent mortality was log10 transformed to achieve
normality. Live tree density and QMD were natural-log-trans-
formed to test Reineke’s (1933) log–log relationship. Within-stand
mean dbh, QMD, and CV of dbh values for all stands did not require
transformations to meet normality assumptions.

Regression models were assessed for heterogeneity of residuals,
normality of errors, multicolinearity among explanatory variables,
and overly influential data points (Cook’s Distance value >0.5). All
t-tests were performed conservatively using the Welch’s t-test
assuming unequal variances. Sample plots were tested for spatial
autocorrelation using the number of live stems plot�1 and were
not significantly correlated (P > 0.10, Moran’s I = 0.13). Statistical
analyses were performed using R (R Development Core Team, 2009).
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Fig. 2. (a) Histogram of sample stands illustrating P. muricata density (trees ha�1)
for total trees (live and dead), (b) live trees only, and (c) dead trees only.
3. Results

3.1. Spatial variability in stand structure in newly established stands

Stand structure in areas where P. muricata expanded following
the Vision fire varied widely. Density of live P. muricata trees ran-
ged from 500 to 8900 trees ha�1 (Table 2). Because sampling was
restricted to stands containing a minimum of 5 trees 100 m�2,
the actual minimum and mean number of trees ha�1 in mapped
P. muricata forest is lower than that recorded in our data. The den-
sity of dead P. muricata trees (established post-fire) among the 33
stands ranged from 0 to 15,900 trees ha�1. When live and dead
trees were pooled together in each plot (a measure of total trees
that established post-fire), the number of trees ranged from 500
to 23,400 total trees ha�1. All three measures of tree density were
characterized by extreme positively skewed distributions (Table 2;
Fig. 2), indicating that lower densities are more common than
higher densities among the expanded P. muricata forest stands.
Median tree density was 2100 total trees ha�1 and 1800 live
trees ha�1. The CV of among-stand tree density ranged from 84%
for live trees to 228% for dead trees, further indicating a great deal
of variability in density in this forested landscape.

The density of live trees was best explained by distance to the
nearest pre-fire P. muricata tree and annual incident solar radiation
(adj. r2 = 0.59, p < 0.001), as was total tree density (live and dead)
(adj. r2 = 0.63, p < 0.001) (Table 3). Using distance to nearest pre-
fire tree as the lone predictor variable, both live (r2 = 0.50,
p < 0.001) and total (r2 = 0.57, p < 0.001) tree density fit a negative
log–log relationship resembling a dispersal kernel function with
slopes of�0.37 and�0.51, respectively (Fig. 3). Pinus muricata den-
sity in plots that contained evidence of a solitary burned P. muri-
cata tree (n = 6) was significantly higher than plots containing no
Table 2
Tree density in the expanded forest of newly established P. muricata stands following
the 1995 Vision Fire.

Trees (ha�1) Skew CV (%)

Mean Min Max Range

Live 2779 500 8900 8400 +1.16 84
Dead 1403 0 15,900 15,900 +3.12 228
Total 4182 500 23,400 22,900 +2.03 124
evidence of a burned P. muricata tree (n = 27) (Fig. 4a). This differ-
ence was significant for both live trees (t = 7.19, p < 0.001) and total
trees (live and dead) (t = 3.51, p < 0.01).

Basal area in P. muricata stands newly established following the
fire ranged from 8.92 to 65.27 m2 ha�1, with a mean value of
31.26 m2 ha�1 and a CV of 43%. Basal area was positively associated
with live tree density and elevation, and negatively associated with
slope (adj. r2 = 0.70, p 6 0.001) (Table 3).

Within-stand mean dbh ranged from 6.3 to 19.1 cm (aver-
age = 12.9 cm) among all plots. Mean dbh was negatively associ-
ated with live tree density and slope, but positively associated
with elevation (adj. r2 = 0.81, p 6 0.001) (Table 3). The average tree
dbh in plots with evidence of a burned P. muricata tree (n = 6) was
significantly lower than in plots containing no evidence of a P.
muricata tree prior to the Vision Fire (n = 27) (Fig. 4b). This differ-
ence was significant for both mean dbh (t = �6.20, p 6 0.001) and
QMD (t = �5.94, p 6 0.001).

In addition to the variability in forest structure among stands,
there was variability within stands. The mean within-stand CV of
live tree dbh was 37% and ranged from 22% to 62%. No statistically
significant relationships were apparent between the mean within-
stand CV of live tree dbh and measures of P. muricata density.

3.2. Density-dependent mortality and the self-thinning line in newly
established stands

Mortality was highly variable throughout the expanded
P. muricata forest, consistent with the high degree of variation in



Table 3
Final regression models for P. muricata stand structure in newly established stands: (a) live tree density, (b) total (live and dead) tree density, (c) basal area, (d) mean dbh in all
(n = 33) post-fire stands; and (e) percent mortality from stands where mortality was observed (n = 16). Adj. r2 and F-statistic is reported for the entire model; t-statistic is reported
for each predictor variable.

Variable(s) Adj. r2 Coefficient F/t p

(a) Log10 (live trees ha�1) 0.59 23.96 <0.001
Log10 (distance [m] from prefire tree +1) �0.35 �5.82 <0.001
Direct solar radiation (MWH/m2) 2.67 3.04 0.005

(b) Log10 (total trees ha�1) 0.63 28.03 <0.001
Log10 (distance [m] from prefire tree +1) �0.49 �6.62 <0.001
Direct solar radiation (MWH/m2) 2.89 2.69 0.01

(c) Log10 (basal area [m2 ha�1]) 0.70 26.1 <0.001
Log10 (live trees ha�1) 0.36 5.94 <0.001
Sqrt (elevation [m]) 0.04 2.95 0.006
Slope (degrees) �0.01 �2.43 0.02

(d) Mean dbh (cm) 0.81 34.1 <0.001
Log10 (live trees ha�1) �3.19 �6.71 <0.001
Sqrt (elevation [m]) 0.24 3.21 0.003
Sqrt (slope [degrees]) �0.68 �2.47 0.02

(e) Log10 (percent mortality) 0.55a <0.001
Log10 (total trees ha�1) �7.46 �5.19 <0.001

a Model r2 instead of adj. r2 when only one variable included.
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density among stands. Mortality ranged from 0% to 68%
(CV = 139%) among stands, with a mean mortality of 13%. Seven-
teen of the 33 stands exhibited no mortality, and percent mortality
was highly correlated with density (Spearman’s rho (rs) = 0.90,
P < 0.001). No mortality was observed in any stand with a density
less than 1800 total trees ha�1 (n = 17), indicating that this is the
approximate density when self-thinning initiates in the expanded
forest at this stage after fire (Fig. 5). Mortality was recorded in
nearly all stands with a density greater than 1800 trees ha�1

(Fig. 5), and (log10 transformed) percent mortality was best ex-
plained by total tree density (r2 = 0.55, p 6 0.001) (Table 3).

When all trees from all plots were pooled together, there was a
significant difference between the average dbh of live trees
(10.73 ± 0.18 cm, n = 917) and dead trees (2.63 ± 0.07 cm, n = 463)
(t = 8.38, p 6 0.001) (Fig. 6), with a greater range in live tree dbh
than in dead tree dbh (Fig. 6).

3.3. Size–density relationships in self-thinning stands

When only stands exhibiting density-dependent mortality (>0%
mortality) were included (n = 16) and fit to Reineke’s (1933) log–
log regression model (r2 = 0.75, p 6 0.001), the self-thinning rela-
tionship was:

lnðtrees ha�1Þ ¼ �1:743 � lnðQMDÞ þ 12:487
The slope of this self-thinning line was not significantly differ-
ent from �1.605 (t = 0.52, p > 0.05) (Fig. 7).
4. Discussion

4.1. Spatial variability in stand structure in newly established stands

Contrary to our original hypothesis, the presence of and prox-
imity to individual pre-fire trees was the most important driver
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of stand structure variability in newly established stands, while the
proximity to contiguous pre-fire stands was not significant. Our
results, coupled with those found in a study examining broad-scale
vegetation change following the Vision Fire, present evidence of
multiple modes of forest expansion in this California closed-cone
pine forest. Using mapped GIS vegetation polygons, Forrestel
et al. (2011) found the binary presence or absence of post-fire P.
muricata vegetation community polygons to be best predicted by
proximity to mapped pre-fire stands, which implies that P. muri-
cata can expand in gross area and at broad scales following fire
via an advancing front (sensu Harper, 1977). The stand-level scale
of our analysis and results, however, suggest that isolated
P. muricata trees present an important alternative mode of local-
ized forest expansion following disturbance, and are an important
driver of heterogeneity among stands. While a contiguous stand of
P. muricata forest undoubtedly provides a greater seed source for
post-fire seedling establishment than a single tree, we provide evi-
dence that isolated trees constitute a non-trivial seed source for
high-density post-fire stands to establish across a burned land-
scape. The shallow log–log regression slopes between distance to
the nearest pre-fire tree and post-fire density (live and total trees)
we found were comparable to those of seed shadows of many
wind-dispersed conifers (Willson, 1993). Pinus muricata seeds are
small, winged, and light – characteristics that should allow for
long-distance wind dispersal (Greene and Johnson, 1989). Wind
speeds over 65 km h�1 during and around the time of the Vision
Fire likely played a key role in long-distance dispersal, resulting
in post-fire densities of 1800 trees ha�1 in stands over 300 m from
the nearest pre-fire tree and over 1.5 km from the nearest pre-fire
stand (Fig. 3).

Whether the expansion of P. muricata forest into previously
unforested areas following fire described in our study and Forrestel
et al. (2011) is typical or atypical is difficult to answer given the
paucity of fire ecology research in these forests. Pinus muricata
and the other California closed-cone pines were widespread in
continuous forests along the California coast as recent as
12,000 years ago, but changes toward a regionally hotter and drier
climate in recent millennia have restricted their distribution to a
narrow band of disjoint populations where maritime conditions
persist (Axelrod, 1967). At PRNS, vegetation associations have been
fairly consistent since the late Holocene (Anderson, 2005), while
logging and fire suppression after the onset of Euro-American set-
tlement (ca. 1850) potentially have reduced forested area (Brown
et al., 1999) and prevented widespread tree regeneration or forest
expansion following fire. Because the 1995 Vision Fire was the first
large fire to occur in PRNS since the park was established in 1962, it
remains difficult to assess if the forest expansion we characterize is
typical, or an anomaly.

This study demonstrates, however, modes by which P. muricata
is capable of significant expansion into previously unforested areas
given the appropriate fire conditions. High winds originating from
the east were blowing downslope and toward the west and south-
west during the Vision Fire, enabling dispersal of P. muricata seeds
onto burned areas where other pre-fire vegetation communities
had existed (Forrestel et al., 2011). After being largely restricted
to the granitic soils of Inverness Ridge prior to the Vision Fire, P.
muricata now is well-established in many other amenable sub-
strates in closer proximity to the ocean. Since P. muricata is
adapted to maritime conditions (Axelrod, 1967), it seems plausible
that dispersal and establishment (thus forest expansion) toward
the coast similar to what was observed following the Vision Fire
could be expected under dry, warm, and windy conditions typical
of extreme fire weather in coastal California.

While evidence of continual and directional forest expansion into
non-forested areas in the absence of fire has been found in other
serotinous forests (Jakubos and Romme, 1993), our findings illus-
trate the importance of episodic fire for local population expansion
in P. muricata. Comparatively stable P. contorta var. latifolia forest/
non-forest boundaries were observed following the 1988 Yellow-
stone fires (W. Romme, Colorado State University, personal commu-
nication), and in Cupressus sargentii forests following a 1994 fire in
central California (Ne’eman et al., 1999). Our results suggest the
capacity of P. muricata for potential rapid local population expansion
following fire – similar to patterns of non-equilibrium succession
found in boreal P. contorta var. latifolia forests (Johnstone and Cha-
pin, 2003). Data presented in Forrestel et al. (2011) further suggest
that forest/non-forest boundaries in P. muricata forest are consider-
ably unstable following fire. However, future studies examining
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multiple fires in P. muricata forests under a range of conditions are
needed to further evaluate the uniqueness of the forest expansion
observed in the present study.

The significant differences in density between plots with evi-
dence of burned P. muricata trees and those without (Fig. 4) sug-
gest that while seed dispersal may cover long distances, most
post-fire P. muricata seedlings establish in close proximity to
burned adult trees. While these results are not surprising, patterns
of post-fire regeneration in newly established stands have never
before been presented for P. muricata and they support findings
in other serotinous conifers (Ne’eman et al., 1992, 1999; Pausas
et al., 2004). Post-fire seedling and juvenile density of Pinus coulte-
ri, a moderately serotinous pine sometimes included in the Califor-
nia closed-cone pine group, also is highest near burned mature
trees (Borchert et al., 2003; Franklin and Bergman, 2011) – albeit
with much lower densities than we found in P. muricata. Other
studies have shown that fire severity and soil conditions were bet-
ter predictors of initial (2.5 years) post-fire seedling density (Pau-
sas et al., 2003), but seedling survival and growth may be higher
in closer proximity to burned trees (Ne’eman, 1997). Fire severity
was not significantly correlated to stand structure variables for P.
muricata, although the variability in fire severity across the study
area was comparatively low as there was no above-ground survival
of pre-fire vegetation in any plots. The positive association found
between density and annual incident solar radiation (modeled in
the GIS) is noteworthy, as the areas of highest incoming solar radi-
ation exist on south-facing convex ridges. This pattern is consistent
with post-fire regeneration in areas that were forested by P. muri-
cata prior to the Vision Fire where P. muricata dominates convex
ridges and Ceanothus thyrsiflorus dominates concave drainages
(Harvey, 2010), as well as P. muricata populations further inland
found on dry, rocky exposed ridges (Millar, 1986a). In summary,
our results support conclusions in other studies that solitary
burned mature trees represent an important seed source for regen-
erating and establishing forest stands in serotinous species.

Pinus muricata density declined quickly after the first several
post-fire years through self-thinning after profuse in situ post-fire
seedling establishment (Holzman and Folger, 2005; Harvey,
2010), however we illustrate high spatial variability in density at
any one point in time in newly established stands where the forest
has expanded. Variability in live-tree density among newly estab-
lished P. muricata stands fourteen years after the Vision Fire
(CV = 84%) was almost as great as the temporal variability in den-
sity observed over fourteen years in a study site along Inverness
Ridge (CV = 106%) (author, unpublished data) that was forested
by P. muricata prior to the fire. The frequency distribution of live
and total trees (Fig. 2), coupled with smaller mean patch size in
the post-fire forest than the pre-fire forest (author, unpublished
data) indicates that the expanded forest landscape is characterized
by a background of fairly low density P. muricata stands with a mo-
saic of high-density patches in close proximity to solitary burned
trees. Our results support the high variability found in other sys-
tems dominated by serotinous conifers. For example, following
the extensive Yellowstone fires of 1988, Pinus contorta var. latifolia
sapling density varied by six orders of magnitude over broad scales
(Kashian et al., 2004) and correlated positively with serotiny level
of burned mature trees (Tinker et al., 1994).

The question remains as to whether the variation in live-tree
density that we found will decrease with time as the forest poten-
tially shifts toward a more homogenous structure through self-
thinning. Following self-thinning in dense stands and infilling of
sparse stands, initial heterogeneity among stands generally (with
some evidence of persistent sparse stands) converged toward a
more uniform structure within centuries following fire in P. con-
torta var. latifolia forests in Yellowstone National Park (Kashian
et al., 2005). Because P. muricata seedling establishment is rare in
the absence of fire, little infilling of open spaces in sparse stands
is expected. While initially dense stands will continue to self-thin,
sparse stands that have established as a result of the 1995 Vision
Fire will likely remain sparse until subsequent fire provides condi-
tions suitable for the next post-fire cohort. Future repeat surveys
are needed to quantitatively compare temporal stand dynamics
in P. muricata forests to other longer-lived serotinous species with
a longer fire-return interval.

As hypothesized, basal area varied substantially in the ex-
panded P. muricata forest stands (CV = 43%), but did not decline
with distance from pre-fire stands. Rather, our results revealed
strong evidence of the importance of individual isolated P. muricata
trees on basal area, as basal area was a function of density. How-
ever, the positive association between basal area and elevation
supports the findings of Forrestel et al. (2011) and suggests that
proximity to pre-fire stands is important over longer distances,
as the majority of stands prior to the fire were at higher elevations
along Inverness Ridge. These findings further support dual modes
of forest expansion – an advancing front along the edge of pre-fire
stands, and localized expansion around isolated individual trees.

As expected, tree stem diameter was negatively correlated with
live-stem density. Ne’eman et al. (1999) found greater basal diam-
eter in trees beneath the canopy of burned C. sargentii trees than in
trees growing outside of the projected burned canopy. While the
results in Ne’eman et al. (1999) were hypothesized to be due to
high nutrient input from decaying burned mature trees, our results
indicate that tree size was more strongly a function of density, thus
indirectly a function of distance from mature pre-fire trees. Not
surprisingly, we found average tree size to be negatively correlated
with slope; indicating that, on average, larger trees are found on
gentler slopes where soils can be deeper and retain more moisture.
Similar results correlating mean tree diameter and actual measure-
ments of soil depth and moisture were found in P. halapensis fol-
lowing fire (Tsitsoni and Karagiannakidou, 2000).
4.2. Density-dependent mortality and the self thinning line in newly
established stands

Our data support the prediction that mortality is highly variable
across the burned landscape, as indicated by the 139% CV for per-
cent mortality among all plots. While mortality could potentially
arise from factors other than competition for resources in dense
forests, the strong negative correlation between percent mortality
and within-plot mean dbh (rs = �0.68) further indicates that ob-
served mortality is density dependent, as smaller trees are out-
competed by larger trees and eventually die. Additionally, in order
to isolate density as the cause of mortality, sample stands were lo-
cated in areas not impacted by pine pitch canker disease, a non-na-
tive pathogen currently spreading through the P. muricata forest at
PRNS (Crowley et al., 2009).

While mortality was variable, the approximate density when
self-thinning occurs 14 years following fire in newly established
P. muricata stands was remarkably consistent at 1800 trees ha�1

(Fig. 5). Stands exhibiting density-dependent mortality approxi-
mately conform to the expected �1.605 slope of size–density rela-
tionships proposed by Reineke (1933), while more open stands
where self-thinning has not commenced had much steeper (more
negative) slope on the size–density line. The further the observed
slope deviates from the theoretical thinning slope, the further the
stand is from self-thinning processes, which is related to initial
density (Peet and Christensen, 1987). Our observations in these
P. muricata stands highlight the impact of spatial variability in den-
sity as some stands are undergoing intense self-thinning while oth-
ers are not, which can affect successional processes and species
composition (Peet and Christensen, 1987).
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Fig. 7. Size–density, or self-thinning line using plots with observed mortality (>0%
mortality) (n = 16). The horizontal dashed line represents the natural log of the
density at which density-dependent mortality initiates in newly established stands
14 years following fire (1800 trees ha�1).

Table 4
Results of the regression slope in Reineke’s (1933) log–log size–density equation
found in other studies for single-species, single-cohort stands of various tree species.

Tree species Regression slope Source

Pinus sylvestris �1.844 Hynynen (1993)
Pinus sylvestris �1.836 Rojo and Montero (1996)
Pinus sylvestris �1.829 del Río et al. (2001)
Chamaecyparis obtusa �1.799 Inoue et al. (2004)
Fagus sylvatica �1.789 Pretzsch and Biber (2005)
Pinus muricata �1.743 This study
Pinus banksiana �1.712 Zeide (2001)
Picea abies �1.664 Pretzsch and Biber (2005)
Various �1.605 Reineke (1933)
Pinus sylvestris �1.593 Pretzsch and Biber (2005)
Quercus patraea �1.424 Pretzsch and Biber (2005)
Pinus densiflora �1.301 Inoue et al. (2004)
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4.3. Size–density relationships in self-thinning stands

We found a consistent relationship between density and aver-
age tree size with P. muricata when tree stem diameter was used
as a proxy for biomass. Weller (1987) proposed that the �3/2
slope be treated as a variable used to measure ecological differ-
ences between and within species in different environments, as
differences in site quality can significantly affect the rate of
progression through stand development stages in single-species,
single-cohort forests (Turnblom and Burk, 2000). Future studies
could build on this and specifically test the impact of topography
or soil type on the slope of the self-thinning line in newly
established P. muricata stands, but our results show consistency
with this relationship in an area of diverse topography, soils, and
growing conditions. Pinus muricata could be considered a
conformer to the theoretical self-thinning law, as the expanded
P. muricata stands in PRNS are characterized by a size–density
slope near the middle of the range of results found in other
studies examining several tree species and Reineke’s Rule
(Table 4).
4.4. Ecosystem implications of forest expansion and stand structure
variability

The expansion of P. muricata forest to previously non-forested
areas and the spatial pattern in forest structure across the burned
landscape will have potential implications for continued change in
vegetation patterns. Within five years following the Vision Fire,
saplings had developed cones (Pribor, 2002), and nearly all trees
in the 14-year-old stands in this study were cone bearing. This
now represents a substantial seed source for continued forest
regeneration and potential further expansion when subsequent fire
occurs. Expansion of P. muricata into areas previously covered by
grassland and coastal scrub will have lasting implications for spe-
cies composition and diversity in these newly established stands.
Nutrient cycling from plant litter into the soil may also spatially
vary with the heterogeneous stand density as Pinus species have
some of the slowest litter decomposition rates and lowest leaf
nitrogen content of all trees (Singh and Gupta, 1977). Karlsson
and Orlander (2002) found an increase in needle concentrations
of nitrogen, potassium, and phosphorous for P. sylvestris trees in
stands where density was reduced through manipulative thinning.
Further studies could measure foliar nutrient concentrations in
high and low density P. muricata stands to test if a similar relation-
ship exists in P. muricata.

The variability in mortality in the expanded forest has
important implications for carbon dynamics, due to associated
variation in both aboveground net primary productivity (ANPP)
and biomass decomposition. While ANPP can increase with sap-
ling density, high mortality rates can potentially dampen this
relationship (Turner et al., 2004). Decaying biomass from dead
saplings can represent significant inputs of organic matter and
influence soil conditions.

4.5. Management implications and future research

Studies of stand dynamics following major fire events are criti-
cal to the appropriate management of P. muricata and other Cali-
fornia closed-cone pine species (Barbour, 2007). Native only to
the California Floristic Province (Millar, 1986b), these species are
threatened by habitat loss, altered fire regimes, and introduced dis-
eases and pests (Barbour, 2007). With unprecedented global cli-
mate change predicted over the next century (IPCC, 2007)
forecasted to increase fire frequency and severity in Northern Cal-
ifornia (Fried et al., 2004), studies such as this one are needed to
gain a better understanding of the complex responses of closed-
cone pine forests to fire. Non-native pine pitch canker disease
has recently been discovered and has rapidly spread through the
P. muricata forest at PRNS (Crowley et al., 2009), and the size–den-
sity relationships detailed in this study can be informative for
examining relationships between pitch canker disease and stand
density. Although the data in this study are from a random sample
of plots, they could be utilized in further research to map P. muri-
cata density and approximate self-thinning across the entire for-
ested landscape using the plots as training set in conjunction
with remotely-sensed imagery as has been done in similar studies
in Yellowstone National Park (Kashian et al., 2004).
5. Conclusion

For P. muricata, a large high-severity fire presents a significant
opportunity for population expansion into previously non-forested
areas. Post-fire stand structure in areas where P. muricata expands
following fire can be highly spatially variable, and post-fire tree
density is largely driven by distance to the nearest individual
pre-fire tree. Fourteen years following a severe stand-replacing
fire, newly established stands where P. muricata expanded post-fire
contained evidence of self-thinning at approximately 1800
trees ha�1; which was also the median density of expanded forest
stands. Pinus muricata conforms to the predicted size–density rela-
tionship suggested by Reineke’s (1933) Rule. By characterizing the
spatial dimension of stand dynamics and coupling these data with
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information on the temporal dimension of post-fire succession we
can gain a more thorough understanding of the complexity of veg-
etation response to disturbance in fire-adapted ecosystems. This
information is critical to understanding the impacts of changing
climate and disturbance regimes on these forests.
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