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Abstract There is considerable concern over the
occurrence of stand-replacing fire in forest types
historically associated with low- to moderate-severity
fire. The concern is largely over whether contempo-
rary levels of stand-replacing fire are outside the
historical range of variability, and what natural forest
recovery is in these forest types following stand-
replacing fire. In this study we quantified shrub
characteristics and tree regeneration patterns in
stand-replacing patches for five fires in the northern
Sierra Nevada. These fires occurred between 1999 and
2008, and our field measurements were conducted in
2010. We analyzed tree regeneration patterns at two
scales: patch level, in which field observations and
spatial data were aggregated for a given stand-
replacing patch, and plot level. Although tree regen-
eration densities varied considerably across sampled
fires, over 50 % of the patches and approximately
80 % all plots had no tree regeneration. The percent-
age of patches, and to a greater extent plots, without
pine regeneration was even higher, 72 and 87 %,
respectively. Hardwood regeneration was present on a
higher proportion of plots than either the pine or non-
pine conifer groups. Shrub cover was generally high,
with approximately 60 % of both patches and
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individual plots exceeding 60 % cover. Patch charac-
teristics (size, perimeter-to-area ratio, distance-to-
edge) appeared to have little effect on observed tree
regeneration patterns. Conifer regeneration was higher
in areas with post-fire management activities (salvage
harvesting, planting). Our results indicate that the
natural return of pine/mixed-conifer forests is uncer-
tain in many areas affected by stand-replacing fire.

Keywords Fire ecology - High severity -
Tree regeneration - Mixed-conifer

Introduction

There is considerable concern over the occurrence of
stand-replacing fire in forest types historically associ-
ated with low- to moderate-severity fire. Character-
izations of fire patterns in these forest types prior to
Euro-American settlement vary in inferring the role of
stand-replacing fire historically. Some studies dem-
onstrate that stand-replacing fire was a relatively
minor component of the fire regime, accounting for a
small proportion of the total area burned (Brown et al.
2008; Scholl and Taylor 2010), and other studies
demonstrating stand-replacing fire did occur at larger
spatial extents, but occurred infrequently (Brown et al.
1999; Beaty and Taylor 2008). Irrespective of these
inconsistencies, it almost ubiquitously acknowledged
that contemporary patterns of stand-replacing fire in
these forest types have deviated considerably from
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historical patterns (Graham 2003; Schoennagel et al.
2004; Keane et al. 2008; Miller et al. 2009a; but see
Williams and Baker 2012). This is largely attributed to
the changes in forest structure and composition
associated with long-established fire suppression and
past land management practices (timber harvesting,
livestock grazing) (Parsons and Debenedetti 1979;
Hessburg et al. 2005; Naficy et al. 2010; Collins et al.
2011). Another contributing factor could be that much
of the area burned in contemporary wildfires coincides
with fairly extreme fire weather conditions, as these
are the conditions under which fires generally escape
initial fire suppression efforts (Finney et al. 2011).

The impacts of this shift towards more extensive
stand-replacing fire in forest types historically associ-
ated with low- to moderate-severity fire are largely
unclear. Some studies suggest the early-successional
plant communities that develop following stand-
replacing fire contribute towards maintenance of
landscape heterogeneity (Nagel and Taylor 2005;
Skinner et al. 2006) and overall biodiversity (Odion
et al. 2009; Swanson et al. 2011). However, given that
many of the tree species associated with these forest
types evolved largely with low- to moderate-intensity
fire, and can withstand such fire, they generally have
limited capacity to recover rapidly following exten-
sive stand-replacing fire (Barton 2002; Goforth and
Minnich 2008; Keeley 2012). Recent work from Pinus
ponderosa forests in the southwestern U.S. demon-
strated highly inconsistent pine regeneration in stand-
replacing patches across 11 different fires, with half of
the sampled patches having no pine regeneration
1-18 years post-fire (Roccaforte et al. 2012). Another
similar study in the same region also reported very low
pine regeneration densities for nearly half of the
sampled sites 25 and 50 years post-fire (Savage and
Mast 2005). Stand-replacing patches with poor conifer
regeneration in these and other studies (Barton 2002;
Strom and Fulé 2007; Goforth and Minnich 2008)
tended to be dominated by shrubs and/or hardwoods,
which suggests either very prolonged re-establishment
of conifer forests (Nagel and Taylor 2005; Skinner
et al. 2006) or conversion to new vegetation assem-
blages (Perry et al. 2011).

In contrast to the generally poor conifer regenera-
tion following stand-replacing fire in forests histori-
cally associated with low- to moderate-severity fire,
studies from mixed-conifer forests in the Klamath-
Siskiyou Mountains, which have been historically
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associated with mixed-severity fire (Halofsky et al.
2011), demonstrated generally abundant conifer
regeneration in stand-replacing patches 2-19 years
post-fire (Shatford et al. 2007; Donato et al. 2009).
Given the broad range of tree regeneration responses
following stand-replacing fire across regions and the
high variability even within a given region/forest type
it is difficult to generalize what post-stand-replacing
fire trajectories may be in conifer forest. This is
particularly the case for Sierra Nevada mixed-conifer
forests, which historically had a predominantly low- to
moderate-severity fire regime (Swetnam and Baisan
2003; Stephens and Collins 2004; Scholl and Taylor
2010), but share several dominant tree species with
Klamath-Siskiyou forests (Sugihara et al. 2006).

The re-establishment of trees following stand-
replacing fire is a function of several factors, including
species’ life history traits and interactions with other
species (Connell and Slatyer 1977; Cattelino et al.
1979; Pickett et al. 1987), as well as stochastic
processes (e.g. climate, seed production) (McCook
1994). In forests where dominant trees do not have
serotinous cones nor vegetative reproduction, some of
the key factors influencing tree establishment include
seed dispersal (Cattelino et al. 1979), patch size
(McDonald 1980; Bonnet et al. 2005; Haire and
McGarigal 2010), and competition from other species
(Connell and Slatyer 1977). Previous work in the
Sierra Nevada has demonstrated considerable time
(30-50 years) for conifers to establish following
stand-replacing fire (Russell et al. 1998). The delayed
tree establishment is largely due to the rapid and
extensive establishment of shrubs via persistent soil
seed banks (Russell et al. 1998; Nagel and Taylor
2005; Knapp et al. 2012).

In this study we quantified shrub characteristics
and tree regeneration patterns in stand-replacing
patches for five fires in the northern Sierra Nevada,
which occurred from 1999 to 2008. We analyzed
tree regeneration patterns at two scales: the patch
level, in which field observations and spatial data
are aggregated for a given stand-replacing patch,
and the plot level. The aim of performing analysis at
the two scales was to capture both coarser-grained
(e.g. patch size, patch edge) and finer-grained (e.g.
local topography, shrub cover, distance-to-patch-
edge) effects on tree regeneration (Bonnet et al.
2005; Haire and McGarigal 2010). Our initial intent
was to sample patches that did not experience post-



Landscape Ecol (2013) 28:1801-1813

1803

fire management activities (salvage-harvest, plant-
ing, etc.). However, field observations revealed
evidence of post-fire activities in some sampled
patches, which then led us to incorporate a post-fire
management component in the study. Our specific
objectives were to: (1) identify the influences on tree
regeneration at the both the patch and plot levels
(patch characteristics, dominant pre-fire vegetation,
shrub cover, post-fire management, and topography);
and (2) characterize tree regeneration patterns by
tree species groups (Pinus, non-Pinus conifers,
hardwood) at both scales.

Fig. 1 Fire perimeters,
stand-replacing patches, and
field plot locations for the
five studied fires in the
northern Sierra Nevada,
California, USA

Methods
Study area and field sampling

Our study area is located in the Plumas National Forest,
and is situated in the northern Sierra Nevada at
39°56'N, 121°3'W (Fig. 1). Vegetation on this land-
scape is primarily mixed-conifer forest (Schoenherr
1992; Barbour and Major 1995), consisting of white fir
(Abies concolor), Douglas-fir (Pseudotsuga menzie-
sit), sugar pine (Pinus lambertiana), ponderosa pine
(P. ponderosa), Jeffrey pine (P. jeffreyi), incense-cedar
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(Calocedrus decurrens), California black oak (Quer-
cus kelloggii), and other less common hardwood
species. Red fir (A. magnifica) is common at higher
elevations, where it mixes with white fir. Montane
chaparral and some meadows are interspersed through-
out the forest. Tree density varies as a result of recent
fire and timber management history, elevation, slope,
aspect, and edaphic conditions. Historical fire occur-
rence, inferred from fire scars recorded in tree rings,
suggests a fire regime with predominantly frequent,
low- to moderate-severity fires occurring at intervals
ranging from 7 to 12 years (Moody et al. 2006).

The study area was defined by five fairly recent fires
that burned in relatively close proximity to one another
within the Plumas National Forest: Lookout (1999),
Pigeon (1999), Bucks Complex (1999), Storrie (2000),
and Rich (2008) (Fig. 1; Table 1). We used satellite-
derived estimates of fire severity to identify stand-
replacing patches within these five fires. The fire
severity estimates are based on the relative differenced
Normalized Burn Ratio (RANBR), which is computed
from Landsat TM imagery (Miller and Thode 2007;
Safford et al. 2008). This index has been used
extensively to characterize recent fires and fire
regimes (Holden et al. 2007; van Wagtendonk and
Lutz 2007; Holden et al. 2009; Miller et al. 2009a;
Miller et al. 2012). Miller et al. (2009b) report user’s
and producer’s accuracies for RANBR-based high
severity classification to range between 70.7 and
85.3 %, indicating RANBR robustly captures stand-
replacing fire effects. Using classified RANBR images
(thresholds based on Miller and Thode (2007)) we
employed the patch delineation algorithm Patch-
Morph (Girvetz and Greco 2007) to identify spatially
contiguous patches of stand-replacing fire that were
>2 ha. The PatchMorph tool is compatible with
ArcGIS, and has been used previously to delineate

stand-replacing patches (Collins and Stephens 2010).
We chose a minimum patch size of 2 ha because we
were interested in characterizing tree regeneration and
shrub response within larger areas that were generally
devoid of substantial tree seed sources.

Our field sampling efforts were constrained by
access, crew safety concerns, and time. As such, we
were only able to sample a subset of the patches
identified by the PatchMorph tool (Fig. 1). Field plot
locations were established using a systematic grid of
points with 200 m spacing, which were based on a
random starting location for each stand-replacing
patch. We intensified sampling near patch edges to
investigate potential distance-to-edge effects on tree
and shrub dynamics. The rules for plot intensification
were as follows, if grid points were: (1) <25 m from
patch edge there were no additional plots, (2) 25-75 m
from patch edge a plot was added that was 25 m
towards the nearest patch edge, (3) 75-125 m from
patch edge plots were added at 50 m both towards and
away from the nearest patch edge, and (4) >125 m
from patch edge there were no additional plots. We
sampled 26 stand-replacing patches across the five
fires, with a total of 277 field plots. Five of the 26
sampled patches were treated post-fire; three were
salvage-logged only, and two were salvage-logged
and planted. These treated patches accounted for 112
field plots.

At each plot we established three, ten-meter
transects using a random starting azimuth for the first
transect and then adding 120° for the next two (Fig. 2).
Along each transect we measured shrub length,
average shrub height, and ground cover. Ground cover
was broken down into cover classes of woody shrubs,
herbaceous plants, grass, litter, wood (downed trees),
rock, and bare mineral soil. Tree regeneration was
sampled on the same three transects. Trees with a

Table 1 Characteristics of the five fires sampled and field sampling summaries in the northern Sierra Nevada, California, USA

Fire name Total Stand-replacing Total number Average Number Plot elevation
(year) area proportion of stand-replacing stand-replacing of field range (m)
(ha) patches/no. sampled® patch size (ha) plots

Lookout (1999) 1,058 0.12 9/4 12.9 40 1,507-1,583
Pidgeon (1999) 1,907 0.09 11/7 13.7 31 1,591-1,791
Bucks (1999) 13,855 0.10 96/4 61.0 60 1,487-1,695
Storrie (2000) 20,067 0.33 104/1 223.0 76 1,254-1,558
Rich (2008) 2,591 0.28 27/10 26.1 70 1,017-1,912

# Minimum patch size was 2 ha
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Fig. 2 Sampling design for all field plots

minimum diameter-at-breast-height (dbh) of 0.1 cm
were tallied by species on a 2 m wide belt, and
established seedlings <1.4 m tall (no minimum size)
tallied by species in circular plots at the end of the
transect (Fig. 2). We measured live “overstory” and
standing dead trees based on a variable radius plot
using a 20 basal-area-factor prism.

Data analysis

We performed analyses at two levels, individual plots
and stand-replacing patches, with the intent of explor-
ing both site- and patch-level influences on tree
regeneration. For each plot and sampled stand-replac-
ing patch, we assembled a suite of explanatory
variables that characterize the pre- and post-fire
vegetation, topography, and patch characteristics.
Pre-fire vegetation was based on a 1997 Landsat-
derived map produced by the U. S. Forest Service
Region 5 (J. Miller, personal communication, 2011).
The map provided broad vegetation type (mixed-
conifer, mixed hardwood, mixed chaparral, and white
fir) and canopy cover classes (25-39, 40-59, and
60-100 %). Post-fire vegetation variables were: live
tree basal area, shrub cover, and average shrub height.
Topographic variables included: slope steepness,
aspect, and elevation. For the plot level analysis, the
topographic variables were based on field observa-
tions, with elevation acquired via handheld GPS. For
the patch level analysis these variables were averages
for a given patch derived from a 10 m digital elevation

model. Additional explanatory variables included
post-fire management (salvage-logged only, salvage-
logged and planted, or none), as well as distance-to-
patch-edge at the individual plot level, and patch area
and perimeter-to-area ratio at the patch level.

We used these explanatory variables to explore
patterns in tree regeneration densities, which we
binned in three groups: pines (P. ponderosa and P.
lambertiana), non-pine conifers (A. concolor, A.
magnifica, C. decurrens, and P. menziesii), and
hardwoods (predominantly Quercus kelloggii). Hard-
wood regeneration was nearly all a result of basal
sprouting from top-killed trees, which was determined
by proximity to burned tree bases. At the plot level,
tree tallies were multiplied by the appropriate scaling
factor based the tree size/sampling area to obtain per
hectare tree regeneration densities. Patch-level densi-
ties were the average of all plots within a given patch.
Tree regeneration densities were log-transformed due
the very large range in observed densities.

We explored possible relationships between these
log-transformed tree densities and the explanatory
variables using regression tree analysis. Regression
tree analysis offers distinct advantages over traditional
linear models because it can handle nonlinear or
discontinuous relationships between variables, and
high-order interactions (Breiman et al. 1984). In
addition, the hierarchical structure and identification
of potential threshold values for independent variables
is well suited for explaining ecological phenomena
(De’ath and Fabricius 2000; Collins et al. 2009;
Thompson et al. 2011). The regression tree is
constructed by repeatedly splitting the data into
increasingly homogenous groups based on identified
influential explanatory variables. We used the condi-
tional inference tree technique in the PARTY library,
within the statistical package R (Hothorn et al. 2009).
This technique identifies influential explanatory vari-
ables using a partitioning algorithm that is based on the
lowest statistically significant P value derived from
Monte Carlo simulations. This minimizes bias and
prevents over-fitting of the data, which is a common
problem with regression trees (Hothorn et al. 2006;
Thompson et al. 2011). Given the tremendous vari-
ability in seedling establishment observed in the field
and from previous studies we report results based on
an o-level of 0.1 rather than the typical 0.05.

There is a potential issue regarding independence
among observations in our dataset that deserves
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attention. The fact that there are multiple plots within
individual patches, and multiple patches within indi-
vidual fires implies possible violation of the assump-
tion that samples are independent, hence
pseudoreplication (Hurlbert 1984). While this is an
important consideration, particularly because it has the
potential to confound interpretations and limit appli-
cability of findings to other areas, it should be noted
that fire is dynamic process that is capable generating
highly heterogeneous patterns of effects based on fine-
scale variations in vegetation/fuels, weather, and
topography (e.g. Knapp and Keeley 2006; Collins
et al. 2007). This heterogeneity contributes to an
overall lack of spatial dependence among fire effects
subsamples within a given fire (van Mantgem and
Schwilk 2009). As van Mantgem et al. (2001) point
out “it is not possible to replicate or randomize large-
scale events such as wildfires” and as a result we may
never overcome the potential for pseudoreplication in
studies of actual wildfire. Perhaps by studying multi-
ple fires across a fairly large and topographically
diverse area we are able to at least partially address
these concerns (van Mantgem et al. 2001).

Results

Although tree regeneration densities varied consider-
ably across the five sampled fires, over 50 % of the
sampled stand-replacing patches and approximately
80 % of all plots had no tree regeneration (Fig. 3). The
percentage of patches and plots without pine regen-
eration was even higher, 72 and 87 %, respectively.
However, nearly 20 % of the sampled patches had
non-pine conifer regeneration in excess of 2,000 trees
ha™' (Fig. 3). Of the three species groups, hardwood
was clearly the most common at intermediate densi-
ties, with almost 30 % of the sampled patches
averaging between 400 and 1,400 trees ha~'. Shrub
cover was generally high, with approximately 60 % of
both the patches and individual plots exceeding 60 %
cover (Fig. 4). Average shrub height across all plots
with shrubs present was 86 cm (n = 263). Although
there were some plots with no shrub cover (n = 14),
all patches on average had shrub cover >0 (Fig. 4).
The actual distribution of distance-to-patch-edge for
established plots emphasizes intensification near patch
edges, with 58 % of our plots occurring within 75 m of
patch edges (Fig. 5).
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Fig. 3 Frequency distributions for sampled tree regeneration,
by species group, for individual plots, and averaged for sampled
stand-replacing patches. The density values on the horizontal
axis represent the upper bound for each bin

The regression tree analysis at the patch level
identified shrub cover as the only significant predictor
of both non-pine conifer and hardwood regeneration
density (results not shown). For both species groups,
average regeneration density tended to be higher in
patches with average shrub cover over 25 %. The
same analysis failed to identify any significant vari-
ables explaining the variability in pine regeneration
density at the patch level. It is likely that this lack of
significant explanatory variables is driven by the
absence of pine regeneration on such a high number of
patches. At the plot level, the most important factor
influencing non-pine conifer regeneration was post-
fire management (Fig. 6). The next most important
explanatory factors were elevation and live tree basal
area (Fig. 6). The highest non-pine conifer regenera-
tion density was associated with plots that were
salvaged-logged alone and occurred at elevations
below 1,635 m (minimum elevation in this group
was 1,515 m). In salvage + planting and no treatment
plots, higher regeneration densities were in areas with
live basal area over 4.6 m*ha and on north-facing
aspects. The lowest non-pine conifer regeneration
density was associated with plots that were salvaged-
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logged alone and occurred at elevations above
1,635 m (Fig. 6). The significant factors explaining
the variability in hardwood regeneration density were
distance to nearest patch edge, slope, and shrub height.
The highest hardwood densities were associated with
plots further from patch edge, while the lowest
densities were associated with plots closer to patch
edges that were on flatter slopes (Fig. 6). Post-fire
management activity was the only variable that
significantly explained variability in plot level pine
regeneration density. Not surprisingly, plots that were
salvage-harvested and then planted had the highest
pine densities. Plots that were salvage-harvested alone

or were not treated had, for the most part, zero pine
regeneration, with a few outliers (Fig. 6).

Discussion

The limitations inherent in tree-ring based fire recon-
structions, such as incomplete spatial coverage and
imperfect preservation of evidence, make it difficult to
ascertain the historical role of stand-replacing fire in
forests generally associated with low- to moderate-
intensity fire (Bekker and Taylor 2001; Hessburg et al.
2007; Beaty and Taylor 2008; Brown et al. 2008). As a
result, there is considerable uncertainty regarding
what “natural” recovery is following extensive stand-
replacing fire in these forest types. The absence of
direct mechanisms for conifer regeneration following
extensive stand-replacing fire (e.g. serotiny, sprouting,
soil seed banks) in these forest types suggest that re-
establishment of mature conifer forests would be slow.
This has been demonstrated in previous studies within
the Sierra Nevada (Conard and Radosevich 1982;
Russell et al. 1998; Nagel and Taylor 2005). Our
results demonstrating that over half of the sampled
stand-replacing patches had no tree regeneration and
almost three-quarters of the patches had no pine
regeneration 2—11 years post-fire are consistent with
the findings from these studies (Fig. 3). Excluding
patches that had post-fire management activities, there
was no pine regeneration in over 90 % of sampled
patches (2 of 21 patches had pine regeneration). This
lack of pine regeneration is particularly problematic
given that one of the stated goals of the U. S. Forest
Service both nationally and within the Sierra Nevada
region is to restore forest structure and composition to
that resembling historical forest conditions (USFS
2011).

The RANBR threshold we used for identifying
stand-replacing fire effects corresponds to approxi-
mately 95 % overstory mortality (Miller et al. 2009b).
Our field observations confirmed this, with only 15 of
our 277 plots recording live overstory trees. (Accord-
ing to the 1997 vegetation map all but 18 of our 277
plots were classified as mixed-conifer forest prior to
burning in the five fires studied.) Based on the nearly
complete overstory mortality and that these mixed-
conifer forests are composed of non-serotinous coni-
fers, seed for regenerating trees would need to come
from surrounding areas (Goforth and Minnich 2008;
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Fig. 6 Regression tree
output explaining the
influence of the identified
variables on plot level tree
regeneration by species
group. The length of the line
from each split indicates the
relative proportion of total
sum of squares explained by
that split. Box-and-whisker
plots displaying

Salvage harvest only

Elevation (m)
p=0.02

s163% \1635
n=15 n=11

Non-Pinus sp. conifers

Post-fire activity
p<0.01
Salvage harvest + planting
No treatment
Live basal area(m® ha")
01

p<0
<467 >46
Aspect
p=0.03
North ast, South,
H / \i West
n=7

n=26 n=218
regeneration density per 100000 .
hectare (log scale) and 10000 a 3 H 1 T
number of plots (n) are ‘E:ga - . H
reported for the resulting e
groups at each terminal P "
node. Diamonds in each
box-and-whisker plot Hardwoods x
represent mean densities for Distance to edge (m) Pinus sp.
each group p<0.01 Post-fire activity
p<0.01
Salvage harvest + Salvage harvest only,
planting No treatment
Post-fire activity
Shrub height (m) b
p=0.08 Salvage harvest Mo treatment
<04 >0.4 only/
n=86 n=26 n=165
n=92 n=55 n=122 n=8 L . §
100000 R 10004 | o
10004 8 ED 100 . 8
1000 [} E +*

Keeley 2012). As such, we expected some signature of
patch characteristics (sizes, perimeter-to-area ratios)
on conifer regeneration, e.g. smaller patches and
patches with greater proportions of edge would have
greater conifer regeneration. We found no effect of
patch characteristics on conifer regeneration, despite
the considerable range in patch sizes and shapes across
our sampled patches (Fig. 1). This lack of patch
effects, combined with failure to identify any effects
of coarser-grained topography or pre-fire vegetation
type/structure suggests that factors at scales other than
those captured by our patch level variables govern tree
regeneration following stand-replacing fire. Further-
more, it emphasizes the complex and perhaps highly
stochastic nature of tree re-colonization in stand-
replacing fire areas. Given this complexity, perhaps
the site or plot level is more appropriate for investi-
gating the influences on tree regeneration.

The lack of a significant distance-to-patch-edge
effect on tree regeneration densities for both conifer

@ Springer

i

groups is somewhat surprising. Given that for almost
two-thirds of the patches we sampled, field observations
took place 10-11 years post-fire, we expected there
would have been sufficient time for tree establishment,
particularly nearer to patch edges (Greene and Johnson
2000; Bonnet et al. 2005; Haire and McGarigal 2010). It
does not appear that this lack of an effect is a product of
our sampling intensity near patch edges (Fig. 5). Nearly
60 % of our plots were within 75 m of patch edges,
which is within the two tree length distance that serves
as a general “rule-of-thumb” for seed dispersal in
Sierran mixed-conifer forests (McDonald 1980) (R.
Tompkins, personal communication, 2010). Perhaps
more time following stand-replacing fire will be needed
for dispersal patterns in conifer establishment to emerge
in these patches (Russell et al. 1998; Haire and
McGarigal 2010).

Given the retrospective nature of our study we lack
specific observations of the successional processes
that took place immediately following stand-replacing
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fire (<1 year). Seed production and climate, which
both exhibit high interannual variability, have consid-
erable influence on tree establishment. We lack
information on seed inputs from surrounding trees or
seed banks in the soil, as well as specific measure-
ments of available soil moisture. Together these
shortcomings limit our ability to describe the mech-
anisms behind observed patterns in tree regeneration
and shrub abundance. That said, our findings, and
those of other studies (Russell et al. 1998; Goforth and
Minnich 2008) suggest the lack of conifer regenera-
tion in stand-replacing patches is largely due to
interacting effects of unfavorable conditions for tree
establishment immediately following the fires, i.e. low
seed production and/or low soil moisture, and the
presence of shrubs. The two most common genera of
shrubs, Ceanothus and Arctostaphylos, have persistent
soil seed banks, much of which remains viable after
burning (Conard and Radosevich 1982; Knapp et al.
2012) and/or has fire-cued germination (Kauffman and
Martin 1991). This allows for rapid colonization
following stand-replacing fire. Once established, these
shrubs drive down soil moisture which can make
conifer establishment more difficult (Conard and
Radosevich 1982; McDonald and Fiddler 1989; Gray
et al. 2005; Nagel and Taylor 2005). Previous work in
the Sierra Nevada has demonstrated that despite strong
shrub occupancy, conifers can establish, but it may
take several decades (Russell et al. 1998). The lengthy
time for conifer establishment combined with the time
it takes for trees to reach a size where they can resist
fire encompasses a long period during which patches
are vulnerable to repeat fires. Repeat fires in shrub-
dominated patches are characteristically stand-replac-
ing and would generally be lethal to conifer regener-
ation (Biswell 1974; Nagel and Taylor 2005). Given
the documented increases in stand-replacing fire in
these forests (Miller et al. 2009a; Miller and Safford
2012), along with the projections for further increases
due to climate change (e.g. Safford et al. 2012), there
is real potential for substantial ecosystem shifts
towards shrub- and/or hardwood-dominated commu-
nities (Barton 2002; Goforth and Minnich 2008; Perry
et al. 2011).

The identification of post-fire activity as the stron-
gest predictor of pine regeneration warrants some
attention. While it is no surprise that the highest pine
densities occurred in plots that were salvage-harvested/
planted, it is surprising how little pine regeneration

there was in untreated plots (Fig. 6). We detected pine
regeneration in only 5 of the 165 untreated plots. Other
post-wildfire studies in similar forest types have also
found much lower proportions of pine regeneration
relative to other tree species (Russell et al. 1998; Barton
2002; Crotteau et al. 2013). Limitations in pine seed
production, which is generally occurs on 4-7 year
cycles (McDonald 1992), and dispersal relative other
conifers, as well as seed predation are all factors that
may be contributing to this (Zald et al. 2008). Of these
factors seed predation by rodents may be particularly
important (Fowells and Stark 1965), which can be
greater both in burned areas relative to unburned areas,
and for pine seeds relative to seeds of other conifers
(Zwolak et al. 2010). The low pine regeneration in
stand-replacing patches observed in ours and other
studies only reinforces the compositional shift in
mixed-conifer forests towards shade-tolerant tree spe-
cies brought about by fire exclusion and past manage-
ment practices (Moghaddas et al. 2008; Collins et al.
2011; Crotteau et al. 2013). While we did not sample
outside of stand-replacing patches, it is possible that
greater pine regeneration in areas burned less severely
(Crotteau et al. 2013).

The findings indicating different factors contribut-
ing to greater non-pine conifer versus hardwood
densities suggests different influences contributing to
observed patterns for the two species groups (Fig. 6).
Non-pine conifer densities on salvage-logged only
plots, particularly at lower elevations, were well over
an order of magnitude higher than all other plots
(Fig. 6). It appears that the ground disturbance asso-
ciated with salvage harvesting in these areas may have
facilitated germination and seedling establishment,
which was predominantly Abies sp. (Gordon 1979).
This effect appears to be considerably pronounced at
intermediate elevations (1,515-1,635 m), where expo-
sure to temperature extremes may be moderated
(Fig. 6). This was not the case for hardwood regen-
eration, which overall was present on a higher
proportion of plots (22 %) than either the pine or
non-pine conifer groups (13 and 17 %, respectively).
Hardwood densities were highest on plots that were
well interior to stand-replacing patches (Fig. 6),
suggesting a possible insulating effect. One hypothesis
is that browsing pressure, which can be fairly high on
black oak (Bowyer and Bleich 1980), could be lesser
on more interior portions of patches, perhaps due to
the high shrub cover limiting access for browsing
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animals. The indication of greater hardwood densities
in plots with taller shrubs (Fig. 6) supports this
hypothesis. While there were several untreated plots
that had non-pine conifer regeneration, with some sites
having very high densities (~ 10,000 ha™'), the
overwhelming majority of untreated plots had zero
non-pine conifer regeneration (143 of 165 plots). The
number of untreated plots without any hardwood
regeneration was lower, only 121 of 165 plots.

Summary and management implications

A recent assessment of land cover change in California
demonstrated that fire now accounts for a greater
proportion of forest “loss” than any other activity (e.g.
timber harvesting, development) (Sleeter et al. 2011).
Given the observed and predicted future trends toward
increasing temperatures and longer fire seasons
(Westerling et al. 2006, 2011; Safford et al. 2012) it
appears that fire-driven forest change will only
continue to increase (Miller et al. 2009a). If this is
the case, it begs the question of what type of forest, if
any, will be coming back after fire, particularly after
stand-replacing fire? Our results, and the results from
other studies (Barton 2002; Goforth and Minnich
2008), indicate that the return of mixed-conifer forests
is uncertain in many areas affected by stand-replacing
fire. This is particularly the case for the pine compo-
nent within mixed-conifer forests. The vigorous
response of shrubs in the patches we sampled, coupled
with the greater proportion of plots with hardwood
regeneration suggest a compositional shift in the near
term, if not a possible longer-term conversion of these
mixed-conifer forests. If the predicted regional
increases in future fire activity are realized (McKenzie
et al. 2004; Westerling et al. 2011) then shorter
intervals between successive fires are likely (Safford
et al. 2012). Re-burns of these stand-replacing patches
may result in a shift from mixed-conifer forests toward
shrub- and hardwood-dominated systems, especially if
the re-burns occur under more severe fire weather
conditions (Perry et al. 2011). If the desired condition
for mixed-conifer forests affected by stand-replacing
fire is to have a mixed-conifer forests return within a
reasonable timeframe then based on our results it
appears that management intervention, mainly plant-
ing pine species, may be needed in some areas to
insure the condition can be achieved.

@ Springer
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