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Ensuring adequate conifer regeneration after high severity wildﬁres is a common objective for ecologists and
forest managers. In the Klamath region of Oregon and California, a global hotspot of botanical biodiversity,
concerns over regeneration have led to post-ﬁre management on many sites, which involves salvage logging
followed by site preparation, conifer planting, and manual shrub release. To quantify the impacts of post-ﬁre
management, we sampled 62 ﬁeld sites that burned at high severity nearly 20 years ago in the Klamath-Siskiyou
Mountain bioregion, stratifying by management and aspect. We measured cover of shrubs and trees and density
and frequency of trees and used Nonmetric Multidimensional Scaling to compare community composition, plant
community assemblage based on regenerative traits, and density of tree species between aspect and management. On average, shrub cover exceeded the cover of conifers, hardwoods or grasses, regardless of management
history or aspect. The average number of species was lower and resprouting species were less abundant on south
aspect sites; seed banking species were most abundant on north aspects. Post-ﬁre management was associated
with greater cover of seed banking and nitrogen-ﬁxing species but it did not aﬀect diversity. Management had no
impact on Douglas-ﬁr regeneration, the main species of concern in the region. Regeneration of ponderosa pine
was higher on sites with post-ﬁre management, but only on south slopes. The frequency of Douglas-ﬁr was
associated with aspect, while the frequency of ponderosa pine was associated with management. Overall, our
study demonstrates the important role that aspect plays in determining the eﬀectiveness of management after
high severity wildﬁres. Indeed, the eﬀect of aspect on site conditions often overwhelmed the ability of management to inﬂuence community composition (including diﬀerent regenerative strategies), species diversity, and
regeneration. Managed sites diﬀered from unmanaged sites in several diverse ways with varied implications for
longer-term forest development. Managed sites had taller dominant conifers, which suggests that post-ﬁre
management could hasten the period needed to achieve ﬁre resistance. Managed sites were similar in plant
community composition but had more homogeneous structure–e.g., managed sites had fewer snags, which are an
important habitat feature for several bird species in the region. Finally, management was not associated with
conifer regeneration success on north slopes, suggesting that interventions may not be needed uniformly across
post-ﬁre landscape. New policies of ecosystem-based management in the Klamath region should consider the
important interactions between aspect and post-ﬁre management, and tailor management practices based on
speciﬁc objectives and landscape context.

1. Introduction

patterns will determine composition, structure and function for decades
to centuries (Agee, 1993). It is also a long-standing topic of interest for
forest managers who want to ensure that there is adequate conifer regeneration after large wildﬁres (Donato et al., 2009). Recent and

Vegetation dynamics during the ﬁrst few decades after stand replacing wildﬁres are of fundamental interest to ecologists because these
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following questions: (1) How does post-ﬁre management aﬀect species
composition, stand structure (i.e. tree height, snags) and the success of
species’ reproductive strategies? (2) Does post-ﬁre management increase the abundance and frequency of conifer regeneration? We hypothesized that management would lower overall shrub and hardwood
cover, increase the abundance of species that rely on oﬀ-site seed
sources, increase conifer height through competition reduction, and
decrease snags by salvage logging. We also predicted that management
would increase the density and frequency of conifer regeneration, with
signiﬁcant diﬀerences by aspect. To address our questions, we sampled
vegetation twenty years after a high severity ﬁre, comparing sites with
and without management in contrasting microclimates in the Klamath
Mountains.

projected changes to the climate system are widely expected to reduce
the success of conifer regeneration (Serra-Diaz et al., 2018; StevensRumann et al., 2017, Harvey et al., 2016) as the occurrence of large
wildﬁres increases (Stevens-Rumann et al., 2017). This is generating
uncertainty about post-ﬁre recovery (Tepley et al., 2017; AndersonTeixeira et al., 2013) with potential implications for ecosystem resilience (Stevens-Rumann, 2017; Harvey et al., 2016).
Concerns about conifer regeneration have a long history in the
Klamath region of northern California and southern Oregon. This region
is a global hotspot of botanical conifer diversity and has been shaped by
recurrent ﬁres of mixed severity (Taylor and Skinner, 1998, 2003,
Skinner et al., 2006, Thompson and Spies, 2010). Widespread regeneration failures in conifer plantations in the 1970s and 1980s led to
concerns about conifer resilience (Hobbs, 1992). These concerns are
exacerbated by the increased susceptibility to higher severity ﬁre events
due to climate change and ﬁre suppression (Agee and Skinner, 2005).
Severe ﬁres often convert mixed-conifer cover to early-seral vegetation
dominated by broadleaf trees and shrubs, since these establish very
quickly following wildﬁre through sprouting and germination from the
seed bank. Initially, these hardwoods and shrubs suppress conifer regeneration, through intense competition for light and near-surface soil
moisture content (Conard and Radosevich, 1982, Sessions et al., 2004).
Such concerns notwithstanding, several authors have documented
successful natural establishment at densities more than suﬃcient to
permit forest recovery (Shatford et al., 2007; Donato et al., 2009), with
conifers gradually growing to overtop hardwoods and shrubs after
about 20 years post-ﬁre (Tepley et al., 2017). Furthermore, there is
evidence that shrubs, such as Ceanothus spp. and Arctostaphylos spp.
(Keeley, 1987) may aid conifer seedling survival by reducing soil
temperature or enriching available soil nitrogen through N ﬁxation
(Conard and Radosevich, 1982, Oakley et al., 2003, 2006), primarily on
sites with low productivity (Yelenik et al., 2013).
Due to concerns over regeneration, salvage logging followed by site
preparation, conifer planting, and manual shrub release was the de
facto management response for the latter half of the twentieth century
in the Klamath region (Holder, 1990; McIver and Starr, 2001; Beschta
et al., 2004). However, in recent decades there has been a controversy
regarding whether salvage logging and planting is necessary for conifer
forest recovery (Sessions et al., 2004; Donato et al., 2009). The cost of
post-ﬁre management activities such as planting and salvage logging
are signiﬁcant, and their eﬀectiveness in maintaining adequate conifer
regeneration is uncertain over the long term (Thompson et al., 2007).
In the Klamath region, there are stark diﬀerences between north and
south aspects in terms of solar radiation, air temperature, humidity,
heat load, soil moisture (Rosenberg et al., 1983) and plant community
composition (Small and McCarthy, 2002; Keeley et al., 2005). Post-ﬁre
recovery diﬀers dramatically between aspect in the Klamath (Irvine
et al., 2009), which is not surprising given that climatic conditions and
conifer regeneration success are tightly coupled (Stevens-Rumann et al.,
2017; Anderson-Teixeira et al., 2013). On south aspects, Douglas-ﬁr
(Pseudotsuga menziesii) shares dominance with hardwoods such as black
oak (Quercus kelloggii), white oak (Quercus garryana) and canyon live
oak (Quercus chrysolepis). As soil moisture increases on more northerly
aspects, the dominant hardwoods shift from oaks to Paciﬁc madrone
(Arbutus menziesii) with tanoak (Notholithocarpus densiﬂorus) on the
more mesic sites. On more mesic sites, true ﬁrs (Abies spp.) dominate
especially at higher elevation. Pine species, ponderosa pine (Pinus
ponderosa) and Jeﬀrey pine (Pinus jeﬀreyi), contribute to pure and
mixed conifer stands on southerly aspects. Aspect also aﬀects ﬁre frequency with higherfrequency on south slopes (Taylor and Skinner,
1998, 2003). While the eﬀects of shrubs and hardwoods on conifer
establishment and growth are likely variable across space and time,
detailed information about the density and frequency of conifer regeneration after large, intense forest ﬁres on sites with and without
post-ﬁre management is critical in this region.
Here we ﬁll an important knowledge gap by addressing the

2. Methods
2.1. Study area
The Klamath region of northwestern California and southwestern
Oregon covers an area of approximately 22,500 km2 (Skinner et al.,
2006). It extends from the Cascade Range in the east to the Coast Range
in the west, and is 390 km north to south (Hobbs, 1992, Strittholt et al.,
1999). The terrain is rugged and deeply incised (Palazzi et al., 1992).
The climate is Mediterranean, with mild wet winters and dry summers.
The duration of the wet and dry seasons, as well as the total annual
precipitation, is spatially variable due to a strong west-to-east moisture
and temperature gradient caused by proximity to the Paciﬁc Ocean
(Whittaker, 1960, Skinner et al., 2006).
This study focuses on the Douglas-ﬁr vegetation series, which ranges
in elevation from 200 to 2000 m. Slopes range from zero to 120 percent
(Atzet and Wheeler, 1982). Precipitation ranges from about 1100 mm
to 2000 mm, 90% of which falls between October and May. The average
July temperature in the center of the study area (330 m in elevation) is
25.7 °C. Mixed-severity ﬁre is a common disturbance in the study area
(Halofsky et al., 2011) with a median historic ﬁre return interval (FRI)
of 12–19 years in the central part of the study area (Taylor and Skinner,
1998). This return interval pre-dates ﬁre suppression eﬀorts that began
in the middle of the 20th century, which have been very successful at
preventing ﬁre in the region. Despite the eﬀectiveness of ﬁre suppression, large ﬁres still occur in the region, such as occurred in 1987 and
2002.
2.2. Site selection
Field sites were selected from patches within the ﬁre matrix that
burned at high severity in the 1987 ﬁres and had supported older,
unmanaged Douglas-ﬁr prior to 1987 (Fig. 1). Sites occurred within the
boundary of 11 ﬁres on the Klamath National Forest. Candidate sites
were divided into sites with no post-ﬁre management and managed
sites that were logged and planted after the ﬁre (Lopez Ortiz, 2007).
Sampling in each group was stratiﬁed by aspect. Only north or south
aspect sites ( ± 45° from north or south) were considered. GIS layers of
topography, ﬁre severity within a ﬁre boundary, and cutting activities
since 1970 were overlaid to discriminate unmanaged from managed
sites and to determine aspect and elevation. Aerial photographs from
1987 were assessed to conﬁrm that the overstory was removed by the
ﬁre (i.e. that they were high severity burns). For managed sites, stand
records were used to identify post-ﬁre management activities; management was further conﬁrmed by site inspection. We selected managed sites that presented the most common combination of post-ﬁre
management activities: salvage logging, fuel reduction, tree planting,
and a one-time shrub cutting around selected conifer seedlings. No
additional treatments (e.g. herbicide application) were recorded. According to stand records, sites were salvage logged within the ﬁrst three
years after the ﬁre. Seedlings were planted 2–4 years after ﬁre, most
often with a mixture of 60% Douglas-ﬁr and 40% ponderosa pine (Pinus
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Fig. 1. Study site location. Black dots indicate study sites. Red polygons indicate wildﬁres from the year 1987.

ponderosa) at a ∼3 × 3 m spacing. Shrub release, the cutting of shrubs
within a 2 m radius around a conifer seedling, was performed two years
after seedlings were planted.

Table 1
Summary of site characteristics. Mean values and range (where appropriate) are
presented.

2.3. Sampling

Total number of plots
North aspect
South aspect
Slope (%)
Elevation (m)

Vegetation was sampled from mid-June through September in 2005
and 2006, eighteen to nineteen years after the ﬁres. A total of 62 sites
(25 unmanaged (16 north aspect, 9 south aspect) and 37 managed (23
north, 14 south)) were sampled. Sixty sites were located in the U.S.
Forest Service Happy Camp Ranger District. Two managed sites (1
north aspect and 1 south aspect) were located in the U.S.F.S. Cave
Junction Ranger District. Elevation of the sites ranged from 374 to
1506 m. Average slope for the sites was 60% with a range from 20% to
100% (Table 1).
The sample unit (plot) was situated randomly within openings
created by a high severity ﬁre. We used a 12 × 40 m plot divided into

Unmanaged

Managed

25
16
9
58 (18–100)
993 (374–1506)

37
23
14
60 (28–80)
913 (431–1496)

30 cells of 4 × 4 m to ensure a thorough search for tree seedlings. Plot
level measurements included elevation, slope, aspect and geographic
location (GPS coordinates, ± 20 m). Trees included all conifer and
hardwood species capable of reaching a mature height of more than ﬁve
meters. We tallied all conifers by height/DBH class (0–2, 2.1–4.0,
4.1–6.0 cm, etc. DBH) and measured the diameter at breast height
1032
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elevation, aspect (folded around the north-south line), slope (%), and
heat load index. The heat load index represents the amount of heat a
site potentially receives and is derived from models based on latitude,
slope, and aspect (McCune and Keon, 2002). Unmanaged and managed
were considered as treatments variables. For visual clarity, the ordination was rotated to align treatments with the horizontal axis.

(DBH), total height, and percentage of live crown of the biggest conifer
in each cell. For hardwood trees, species and size class data were collected on all managed sites and on 18 of the 25 unmanaged sites.
Hardwoods were grouped in size classes with 0.5 m height intervals up
to 1.5 m; seedling or hardwoods clumps taller than 1.5 m were grouped
in DBH classes with 2 cm intervals. For multi-stemmed hardwoods
(clumps), only the biggest stem was measured and assigned to a DBH
class. The DBH of all snags was also recorded.
To estimate vegetation cover, we divided the plot into thirds. In
each third (12 × 12 m), we visually estimated percent cover of trees
and shrubs by species and averaged the three values for an overall estimate. To reduce individual bias, two people worked together and
comparison charts were used to aid in assessing percent cover. Grasses,
forbs, and ferns were each treated as a taxonomic group.

2.6. Vertical structure
Average height of the most abundant species in each group was used
to describe the vertical structure of unmanaged and managed sites. The
height of dominant conifers was not recorded in 32% of the cases (401
out of 1235); we estimated the missing heights using equations that
predict height as a function of DBH. Parameter estimates used in the
height equation were obtained from a larger data set for this region
(Shatford unpublished data; Hann unpublished data). At each candidate
site, we evaluated presence and diameter of snags (for unmanaged
sites), and stumps (for managed sites), soils (non-ultramaﬁc), and aspect (north or south).

2.4. Cover of life form groups
We described the plant community structure of unmanaged and
managed sites using the average percent cover of the main species of
each life form group: conifers, hardwoods, shrubs, and forbs/grasses/
ferns. We used two sample t-tests (S-plus V.7) to compare cover of the
main life form groups (conifers, hardwoods, shrubs, forbs, grasses, and
ferns) between unmanaged and managed sites. Bonferroni’s correction
was used to balance individual and family-wise conﬁdence intervals.
Three measures of species diversity were used: average number of
species, Simpson’s diversity index (Simpson, 1949), and the ShannonWiener diversity index (MacArthur and MacArthur, 1961). Simpson’s
S
diversity index was calculated as D = 1 − ∑i pi2 where pi is the proportion of individuals belonging to species i and S is the total number of
species. This measure emphasizes common species and is little aﬀected
by addition or loss of rare species (McCune and Grace, 2002). The
S
Shannon-Wiener index was calculated as: H ' = − ∑i pi lnpi where pi is
the proportion of individuals belonging to species i. This measure is
intermediate between average number of species and Simpson’s index
in its sensitivity to rare species (McCune and Grace, 2002). We also
reported Whittaker’s beta diversity (Whittaker, 1972), calculated as
S
βw = α where S is the total number of species and α is the average
number of species.

2.7. Regeneration traits
To examine plant community assemblage from a trait perspective,
the abundance of plant species based on traits was ordinated using a
similar NMS approach as described above. The abundance of traits was
obtained by multiplying the species abundance matrix by a binary
matrix of traits. Each element of the resulting matrix multiplication
represents the abundance of a speciﬁc trait on a given plot. Traits were
derived from the life form data base of the USDA Forest Service (http://
www.fs.fed.us/database/feis/plants) and from the literature. The
binary matrix included three regeneration strategies (seed banking,
resprouting, and obligate seeding) and the ability to ﬁx atmospheric
nitrogen. When more than one type of regeneration was used by a
species, we assigned the type according to the most common response
to high severity ﬁre mentioned in the literature. Seed banking species
were deﬁned as those species killed by the ﬁre and whose persistence
relies on seeds stored in the canopy or in soil banks. Species from the
genera Ceanothus and Arctostaphylos as well as knobcone pine (Pinus
attenuata) were included under this category. Resprouting species included hardwood and shrub species which are mentioned in the literature as able to resprout after ﬁres. Obligate seeding, included all
species that, after high severity ﬁres, rely on oﬀ-site seed sources. This
category included conifer species (except knobcone pine) and common
whipplea (Whipplea modesta) (for responses to high severity burn for
this species, see Halpern, 1989). Species from the genus Ceanothus were
also coded as a nitrogen ﬁxing species.
To compare regeneration traits, we used a 3-dimensional NMS solution as providing a considerable and statistically signiﬁcant reduction
in stress as compared with randomized data to compare composition
(ﬁnal stress = 15.42; p = 0.004 for all axes). A two-dimension ordination was chosen as the best solution, representing 95% of the community variation.
Grouping the species by their regeneration responses normalized the
data and facilitated parametric analyses. We used simple linear regression to test for linear relationships between environmental variables and the abundance of species with a speciﬁc regenerative trait (Splus v.7). The abundance of seed bank and resprouting species were
used as the response variable and heat load as the independent variable.
Two-way ANOVA (S-plus v.7) was used to determine if management,
aspect, or the interaction of management and aspect signiﬁcantly affected the cover of each trait.

2.5. Community composition
We compared community composition between unmanaged and
managed sites using Nonmetric Multidimensional Scaling (NMS,
Kruskal, 1964, Mather, 1976). NMS uses an iterative search for an ordination with low stress, as measured by the relationship between
ranked distances in the original multidimensional space and the ranked
distance in the reduced dimensions of the ordination (McCune and
Grace, 2002). Ordination of community data with NMS requires no
assumptions of multivariate normality or linearity, and is robust with
large numbers of zero values.
To reduce noise from rare species, those occurring in less than ﬁve
percent of the plots were deleted from the data set prior to analysis. The
resulting matrix included 62 plots and 44 species. Analyses were run
using Autopilot in the slow and thorough mode of NMS in PC-ORD
version 5 (McCune and Meﬀord, 1999), which used 250 runs with real
data and 250 runs with randomized data for a Monte Carlo test of
signiﬁcance. Each NMS ordination used Sørensen’s distance, and each
began with a diﬀerent random conﬁguration. The best solution was
assessed based on the ﬁnal minimum stress and the Monte Carlo test.
The data were not relativized, allowing diﬀerences in the total abundance of species to be expressed in the analysis. The NMS Autopilot in
PC-ORD chose a 3-dimensional solution as providing a considerable and
statistically signiﬁcant reduction in stress as compared with randomized data (ﬁnal stress = 15.0; p = 0.004 for all axes).
Environmental and treatment variables were related to ordination
results using overlay and joint plots. Environmental variables included:

2.8. Density and frequency of tree regeneration
We used NMS ordination to examine the eﬀects of aspect, elevation
and management on the density of all tree species. We also tested for
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diﬀerences in the density and spatial distribution of conifers between
unmanaged and managed sites. The total number of conifers per plot
was used as a measure of density, while the frequency of cells in a plot
with conifers establishment was used to describe how the conifers were
distributed spatially. Frequency was calculated as the proportion of the
total number of cells that were occupied by conifers (e.g. 30 cells occupied represented a frequency of 100%).
We tested for diﬀerences in density and frequency of conifers using
a two-way analysis of variance (ANOVA) with management and aspect
as explanatory variables. Interactions between management and aspect
were tested at each level. To better meet assumptions of normality and
equal variance, transformations were performed before conducting the
ANOVA; density was log-transformed, and frequency was arc-sine
transformed.
3. Results
3.1. Community composition
Twenty years after high severity wildﬁre, shrubs had the highest
percentage of cover (∼35%) regardless of management or aspect, while
hardwoods had the second largest percentage (∼15%, Fig. 2). Conifers
only comprised ∼10%, with ferns, forbs, and grasses making up the
smallest percentage (∼5%). Total cover for any life-form groups
(conifers, hardwoods, shrubs, and forbs/grasses/ferns) was not signiﬁcantly diﬀerent between managed and unmanaged sites on either
the north or south aspect. A 3-dimensional NMS ordination (ﬁnal
stress = 15.0; p = 0.004 for all axes) explained 76% of the variation in
life form with aspect and heat load accounting for 32% of the variation
(Fig. 3). Management (axis 1) accounted for 25% of the variation.
Even though cover of physiognomic groups was fairly consistent,
the cover of individual species varied with both management and microclimate (e.g. elevation, aspect). Thimbleberry (Rubus parviﬂorus),
Douglas-ﬁr, red-ﬂower currant (Ribes sanguineum), and dwarf rose
(Rosa gymnocarpa) were positively associated with north aspects
(Fig. 4). In contrast, deerbrush (Ceanothus integerrimus), California black
oak (Quercus kelloggii), Paciﬁc poison oak (Toxicodendron diversilobum),
and canyon live oak showed the strongest positive association with
south aspects, especially Ceanothus spp. On north aspects, dominance
was more equally shared among species and life form groups. About
half of the unmanaged sites were similar in composition to managed
sites. California lilac (Ceanothus americanus), beaked hazel (Corylus
cornuta), California snowberry (Symphoricarpos mollis), and ponderosa
pine (Pinus ponderosa) were most strongly associated with managed
areas, while whiteleaf manzanita (Arctostaphylos viscida), huckleberry
oak (Quercus vacciniifolia), and tanoak showed the strongest association
with unmanaged sites (Fig. 4).
The average number of species and species diversity showed a
greater diﬀerence between north and south aspect slopes (between 5
and 18% depending on the metric) than between managed and unmanaged (< 4%, Table 2).
The diameter distributions of conifers on unmanaged and managed
sites showed similar distribution patterns; both had a large number of
individuals in the lower diameter classes (Appendix A). The average
height of dominant conifers was signiﬁcantly higher on managed sites
than on unmanaged sites 3.6 m (SE = 0.30 m) and 2.5 m (SE = 0.34 m)
respectively (p < 0.05, n = 62), though the number of individuals was
similar.
Snags constituted an important structural element on unmanaged
sites but there were no snags on managed sites. The mean density of
snags was 125 snags/ha (21–229 snags/ha) and their size varied widely
(10–115 cm) with a mean DBH of 45 cm.

Fig. 2. Contribution of life form groups to the average total % cover on
northerly (a), and southerly aspects (b). Bars represent mean and error bars are
standard errors. For a given life form group: means with the same letter are not
signiﬁcantly diﬀerent (p > 0.05) using the Bonferroni correction.

Most of the variation in regeneration traits (56%) was associated with
aspect and heat load according to our NMS ordination (axis 2, Fig. 5).
Correlation analysis supported this result; seed bank species abundance
was strongly associated with south aspects (r = 0.931), while sprouting
species abundance was associated with north aspects (r = −0.438).
Regeneration traits also varied along the management gradient (axis 1),
which explained 25% of the variation. California lilac, beaked hazel,
California snowberry, and ponderosa pine were most strongly associated with managed areas, while whiteleaf manzanita, huckleberry
oak, whipplea, and tanoak were most strongly associated with unmanaged sites. The third axis of the ordination, representing 19% of the
variation, was related to elevation.
Seedbanking species had higher cover on south aspects and on
managed sites (Fig. 6), likely due to planting, but obligate seeders were
unaﬀected by aspect or management. Sprouters were favored on north
aspects, but were unaﬀected by management. There was evidence that
the interaction between management and aspect signiﬁcantly aﬀected

3.2. Regeneration traits of trees and shrubs
Regeneration traits varied along the microclimate N-S gradient.
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Fig. 3. NMS ordination of life form % cover using 44 species that occur in more than 5% of the sample units. For joint plots, the length of the correlation vector
represents the strength of the correlation; correlation vectors are given only for variables with r2 > 0.200. Red ovals shows spread of unmanaged sites while dashed
black oval shows aggregation of managed sites.

4. Discussion

the cover of N-ﬁxing species (Ceanothus spp., Fig. 6, p = 0.030). Also
the high cover of N-ﬁxing species on south slopes corresponded with a
greater average height of dominant conifers on managed sites.

4.1. Post-ﬁre management and aspect aﬀect species composition and stand
structure

3.3. Density and frequency of tree regeneration

Fires are an important factor shaping the structure of western forests
(Agee, 1993, Turner et al., 1997), but most studies examining forest
regeneration focus on the ﬁrst decade after a high severity ﬁre (Welch
et al., 2016, Donato et al., 2009, Turner et al., 1997). We examined
vegetation twenty years after a stand-replacing ﬁre, expecting management to suppress shrub and hardwood cover. Management in this
region was guided by the Northwest Forest Plan, though the adaptive
management aspects were not fully realized (Spies et al., 2018). Speciﬁc treatments in this area included site preparation and planting of
Douglas-ﬁr and ponderosa pine, along with shrub removal, in order to
facilitate conifer regeneration. Instead we found that management
treatments did not aﬀect cover among physiognomic groups (conifers,
hardwoods, shrubs). Shrubs were always the dominant cover type in
our study area. Previous studies have shown that shrubs rapidly establish after a high severity ﬁre, since they sprout from surviving root
crowns or germinate from seed banks (Helms and Tappeiner, 1996;
Russell et al., 1998). Seeds from shrubs can remain viable in the soil for
decades and their germination is often stimulated by ﬁre (Talley and
Griﬃn, 1980).
Our study also found that understanding the eﬀect of post-ﬁre
management on plant community composition requires consideration
of aspect. Management on south slopes promoted cover of deerbrush,
thimbleberry, madrone, and ponderosa pine at the expense of manzanita and California bay laurel (Umbellularia californica). On north
slopes, management promoted thimbleberry, bigleaf maple, canyon live
oak, and Douglas-ﬁr, while snowberry, tanoak and white ﬁr declined.
These shifts in species composition have large implications for wildlife,
especially the increases in deerbrush and thimbleberry. Deerbrush
provides high-quality and palatable forage for wildlife, especially deer
(Talley and Griﬃn, 1980), and can signiﬁcantly enrich soil nitrogen
(Binkley and Husted, 1983, Oakley et al., 2003). The fruits of thimbleberry are consumed by many animals including bears, rabbits, and
birds (Van Dersal, 1938, Oleskevich et al., 1996).
North aspect sites had higher species diversity and community
heterogeneity than south aspect sites. This is expected because south
aspects typically experience higher temperatures, greater light intensity
and lower soil moisture than north-facing slopes (Small and McCarthy,
2002), which may limit establishment of some species. Aspect appeared

In our ordination, the density of all hardwood and conifer species
was associated with aspect and elevation, but not with post-ﬁre management (Fig. 7). Axis 2 was aligned with aspect (r = −0.444) and
represented most of the variation (32%). Douglas-ﬁr, bigleaf maple
(Acer macrophyllum), and white ﬁr (Abies concolor) were associated
with north aspects, while California black oak, canyon live oak, and
knobcone pine were associated with south aspects. Elevation (represented by axis 1, r = 0.642) explained 24% of the variation. Seedlings of ponderosa pine and sugar pine were positively associated with
elevation, while canyon live oak, madrone, and tanoak were negatively
associated with elevation. No variable was associated with axis 3 (18%
of the variation); management did not associate with any of the axes.
In our analysis of variance, aspect aﬀected density of Douglas-ﬁr,
while management and aspect interacted to aﬀect ponderosa pine
density. Density of Douglas-ﬁr was higher on north than south aspects,
as expected (Fig. 8), but was unaﬀected by management, even though
this involved planting. Management increased the density of ponderosa
pine on south aspects (p < 0.05, t-test), but had no impact on north
aspects. No signiﬁcant diﬀerences were found in the density of hardwoods between unmanaged and managed sites or between north and
south aspects (data not shown). Overall, density of hardwoods was 325
trees/ha (range 0–1187) on unmanaged sites and 268 trees/ha (range
0–979) on managed sites. This was much lower than the density of
conifers, which was 4425 seedlings/ha (range 20–22062) on unmanaged sites and 3543 seedlings/ha (range 187–14416) on managed
sites.
We found strong evidence that diﬀerences in the frequency of
conifers (conifer presence in 4 m × 4 m cells within a plot) were associated with aspect (p = 0.004) and management (p = 0.001). Average
conifer frequency was 58% for unmanaged sites (3–100%) and 75%
(23–100%) for managed sites (Fig. 9). The average frequency of Douglas-ﬁr and ponderosa pine together was 49% (0–100%) for unmanaged
sites and 70% (7–100%) for managed sites. Diﬀerences in conifer frequency were also associated with aspect. Post-ﬁre management had a
greater eﬀect on the frequency of ponderosa pine (p = 0.004) than
Douglas-ﬁr (p = 0.083). The eﬀect of aspect was signiﬁcant for both
species with higher frequency on N aspects.
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to have a stronger control on overall species richness than management.
Forest management practices in this post-wildﬁre setting did not result
in a reduction of woody plant diversity, but it did have important
consequences for stand structure. Managed sites had taller dominant
conifers, which suggests that post-ﬁre management could be eﬀective in
helping conifers to survive subsequent ﬁres. However, management
eliminated snags that are critical nesting habitat for a variety of bird
species in the region, including the northern spotted owl (North et al.,
1999).
During forest planning, managers have to ﬁnd a balance among
economic, social and environmental factors. Over the last ﬁfteen years,
for instance, management objectives on federal lands have changed
from a species-based approach to an ecosystem management approach,
a strategy in which the full array of forest values and functions is
maintained at the landscape level (Kline et al., 2013, Turner et al.,
1995). One of the major challenges to implementation of ecosystem
management is the uncertainty not only about ecosystem responses to
natural disturbance but also to management. The combination of natural disturbances and management compound the uncertainty and our
study provides evidence that management should be stratiﬁed by aspect
following high severity ﬁres.
4.2. Post-ﬁre management and aspect aﬀects species’ reproductive strategies
Management actions (which included planting of conifers) promoted seed banking species, an action which may be critical as the
climate warms. Recent studies indicate that the recovery of these species may be curtailed under a ﬁre regime of increasing frequency and
severity with distance to seed source becoming a signiﬁcant limiting
factor (Tepley et al., 2017, Harvey et al., 2016). Other authors have
reported positive responses of resprouters to logging and ﬁres in the
region (Strothmann and Roy, 1984, Tappeiner et al., 1992). In our
study, resprouters were the dominant functional group after ﬁre, particularly on north aspects. However, they were not aﬀected by management, suggesting that these hardwoods are resilient regardless of
treatment (Tappeiner et al., 1992, Fites-Kaufman et al., 2006).
Microclimate also played an important role in driving regeneration
strategies. Seed banking species had higher cover on southerly aspects,
indicative of the association between the abundance of seed bank
species and drier conditions. A similar association between seed bank
species and hot, dry conditions has been reported for other ecosystems
with Mediterranean climate, such as California chaparral (Dell et al.,
1986, Meentemeyer et al., 2001). The diﬀerence in regenerational
strategies between north and south aspects in the Klamath Mountains
has also been associated with diﬀerences in ﬁre frequency. Fire burned
less frequently on north slopes than on south slopes (Taylor and
Skinner, 1998, 2003). Germination of the seed banking species is ﬁre
dependent; thus ﬁre might have acted as a sorting factor over time,
favoring the abundance of seed bank species on sites with higher ﬁre
frequency. These can in turn replenish the seedbank with ﬁre-dependent species, causing a positive feedback. Elevation also played an
important role in inﬂuencing conifer regeneration, similar to previous
studies (Shatford et al., 2007). In contrast, the abundance of resprouting species was associated with decreasing levels of heat load and
more northerly aspects, consistent with Keeley (1986) and
Meentemeyer et al. (2001), who found more resprouters on north facing
slopes in California chaparral.

Fig. 4. Contribution of individual species to total percentage of cover of each
group (conifers, hardwoods, shrubs), separated by aspect and management.
Table 2
Species diversity on unmanaged and managed sites, broken down by aspect.
Diversity was calculated using several metrics: Average number of species, Beta
diversity (βw, the total number of species divided by the average number of
species), Simpson’s index (D), and Shannon-Wiener index (H′).
Group (sample size)

Average number of species (S.D.)

βw

D

H′

Unmanaged North (16)
Managed North (23)

18 (0.4)
18 (0.5)

3.1
2.8

0.76
0.76

1.92
1.92

Unmanaged South (9)
Managed South (14)

13 (0.4)
12 (0.4)

3.3
2.9

0.66
0.72

1.54
1.61

Unmanaged (25)
Managed (37)

16 (0.4)
16 (0.4)

3.8
3.3

0.72
0.75

1.78
1.81

4.3. Management promotes ponderosa pine but not Douglas-ﬁr regeneration
twenty years after ﬁre
The issue of post-ﬁre management is contentious in the Klamath
region, as elsewhere (e.g. Sessions et al., 2004). One study showed that
salvage logging, the most common post-ﬁre management treatment,
causes many detrimental eﬀects that include changing the structural
complexity of forest stands and the composition of the forest
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Fig. 5. NMS ordination of % cover of (a) seed banking species and (b) resprouting species in plots in trait space based on 44 species that occur in more than 5% of the
sample units. For joint plots, the length of the correlation vector represents the strength of the correlation; correlation vectors are given only for variables with
r2 > 0.10. Symbol size reﬂects relative cover of a trait group in a plot.

Fig. 6. Distribution of % cover of (a) seed banking species, (b) resprouting species, (c) obligate seeding species, (d) N-ﬁxing species; broken down by aspect and
management. Bars represent mean and error bars are standard errors. For a given aspect, means with the same letter are not signiﬁcantly diﬀerent (p > 0.05).
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Fig. 7. NMS ordination of density of hardwood
and conifers species space based on 15 species
that occur in more than 5% of sample units. For
joint plots, the length of the correlation vector
represents the strength of the correlation; correlation vectors are given only for variables with
r2 > 0.100. Ordination was rotated 26 degrees
to align aspect with axis 2.

might presume that one management activity may have counteracted
the other. This situation, along with the abundant natural regeneration
observed in the region, likely caused the similarities between unmanaged and managed sites in terms of overall seedling density and
composition, with the exception of ponderosa pine, which was promoted on south aspect sites with management. In fact, the high density
of conifers on both naturally regenerated sites and managed sites suggest that these forests are quite resilient with respect to intense natural
disturbances. Abundant conifer regeneration has been reported to occur
shortly after stand replacing ﬁres (Donato et al., 2006) and continues to
occur nineteen years after stand replacing ﬁres in the Klamath region
(Shatford et al., 2007). The dense conifer regeneration reported here in
both unmanaged and managed sites, as well as the diameter frequency
distributions, support the idea that conifer regeneration occurs naturally without human intervention (Gray and Franklin, 1997; Nathan
and Muller-Landau, 2000; Shatford et al., 2007). Similar density of
conifers between unmanaged and post-ﬁre managed sites was also reported two years after management in southern Oregon (Sexton, 1998)
and ﬁfteen years after management in northeast California (Bock et al.,
1978). Our study, as does others, raises the question of whether the
costs of post-ﬁre management strategies are justiﬁable if the density of
conifers is not strongly aﬀected by planting. The increased abundance
of ponderosa pine on south aspect sites may point towards management
being more eﬀective if tailored to drought-tolerant ponderosa pine on
south aspects, particularly under a climate warming scenario.
In our study, changes in density and frequency associated with postﬁre management were more evident for ponderosa pine than for
Douglas-ﬁr. This is not a surprising result considering that Douglas-ﬁr is
the most abundant conifer species in unburned forests (Rice and
Chaney, 1989; Holder, 1990), which may also imply more available
seed sources. Shatford et al. (2007), for instance, reported that within
the Douglas-ﬁr series, 51% of the seedlings were Douglas-ﬁr, while only
14% of the seedlings were ponderosa pine. Hence, planting would be
expected to have a stronger eﬀect on the abundance of ponderosa pine
than on Douglas-ﬁr.
Overall, conifer regeneration was strongly inﬂuenced by aspect,
which is consistent with previous studies (Whittaker, 1960, Atzet and
Wheeler, 1982, Ohmann and Spies, 1998). Drought stress and soil
surface temperature are generally higher on south aspects (Rosenberg
et al., 1983), which reduced regeneration, particularly for Douglas-ﬁr.
This is consistent with reports that found soil surface temperature to

Fig. 8. Mean density of Douglas-ﬁr and ponderosa pine, broken down by aspect
and management. Bars represent mean and error bars are standard errors. For a
given aspect, means with the same letter are not signiﬁcantly diﬀerent
(p > 0.05).

community (Lindenmayer, 2004). Another study suggested that areas
that were salvage-logged and planted burn more severely ﬁfteen years
later than comparable unmanaged areas (Thompson et al., 2007, 2010).
Changes in fuel proﬁle likely increased the average burn severity in
managed areas. Even though post-ﬁre management is expected to have
a negative inﬂuence on the abundance of conifer regeneration shortly
after salvage logging (Sexton, 1998, Donato et al., 2006), it is also expected to increase the abundance of conifers by planting activities
(Sessions et al., 2004; Weatherspoon and Skinner, 1995). Thus, we
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Fig. 9. Frequency of Douglas-ﬁr and ponderosa pine. Bars represent mean and error bars are standard errors. For a given aspect, means with the same letter are not
signiﬁcantly diﬀerent (p > 0.05).
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Happy Camp Ranger District, and the supervisor’s oﬃce of the Klamath
National Forest in Yreka, California.

exceed temperatures lethal to Douglas-ﬁr seedlings on south facing
clear-cuts almost twice as frequently as on north facing clear-cuts
(Silen, 1960). In contrast, ponderosa pine can survive in xeric environments by maintaining high water use eﬃciencies and deep root
systems (Kolb and Robberecht, 1996). In general, management interventions might be more successful on south aspects with more gentle
slopes.
Over the last twenty years, large wildﬁres have aﬀected hundreds of
thousands of acres in the western United States and climate change will
likely lead to an increase in the area burned and wildﬁre severity in this
region (Torn et al., 1998, Westerling, 2006). Whether an increase in
wildﬁre activity will create enough early seral communities to allow
managers to meet conifer stocking rates is unclear. Also, post-ﬁre
planting may become increasingly important as the climate warms and
regeneration is limited (Welch et al., 2016). Twenty years after high
severity ﬁres provides an opportunity to measure the resilience of these
forests to disturbance but is likely too short a time to fully answer the
questions mentioned above.
The interactions detected between post-ﬁre management and aspect
remind us of the challenges to implementing ecosystem management in
complex and diverse ecosystems such as the Klamath region. There are
many gaps in our present understanding of the importance of early seral
communities to ecosystem processes and its changes in response to postﬁre management. Observational studies such as this one are just the
ﬁrst step in developing such understanding. Long term monitoring and
research in this area is needed to support informed adaptive management decisions in this region. Further, understanding the role and dynamics of early seral communities, their composition, and structure will
inform management in ﬁre prone ecosystems.

Appendix A. Supplementary material
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.foreco.2018.10.030.
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