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Abstract

e Mature, unmanaged forests in western North America provide important reference conditions for
managers, yet little is known about fuel composition and the factors that influence fuel accumulation
in such stands. Our objectives were to characterize fuels in a passively managed landscape of dry
forests in central Oregon and identify environmental factors influencing fuel accumulation.

e Ordination techniques and analysis of variance revealed no statistical differences in total fuel loads
across a wide range of environmental conditions.

o Individual fuel size classes, however, did vary by stand location and composition. Interior stands
had more 1- to 100-h fuels and snags than stands at or near the edge, stands dominated by ponderosa
pine had fewer small-diameter fuels and snags, lodgepole pine stands had more 1-h fuels and snags,
and white fir stands had more 10-h fuels, duff, and snag basal area.

e Tree species, density and age, and years since last fire were the most important environmental
variables, explaining 23% of the variation in fuels.

e Our results present further evidence that fuel composition is highly variable at many spatial and
temporal scales. They also provide useful baseline information for managers of fire-prone western
forests.

Résumé — Combustible et conditions stationnelles dans un paysage forestier isolé et non géré du
centre de I’Oregon.

o Les foréts matures et non gérées de 1’Ouest Américain fournissent des situations de référence im-
portantes pour les gestionnaires. Cependant, il n’y a que peu d’informations sur la nature des com-
bustibles et des facteurs qui influent sur I’accumulation de combustible dans ces peuplements. Nos
objectifs étaient de caractériser la charge en combustible dans un paysage forestier non géré du centre
de I’Oregon et d’identifier les facteurs environnementaux modulant I’accumulation de combustible.
e Des techniques d’ordination et une analyse de variance n’ont révélé aucune diftérence statistique
des charges de combustibles dans un large éventail de conditions stationelles.

e Les charges en combustible variaient cependant suivant la localisation des peuplements et leur
composition. Les zones internes des peuplements présentaient plus de charge en combustible de di-
mensions moyennes et de souches que les lisieres. Les peuplements dominés par Pinus ponderosa
présentent moins de combustible de faible diamétre et de chicots par rapport a ceux de Pinus contorta.
Enfin, les peuplements d’Abies concolor ont plus de combustibles de faible diametre, et de chicots.
o Les especes d’arbres, la densité et I’age et le délai depuis le dernier incendie ont été les variables
les expliquant la plus forte part de la variabilité de charge en combustible (23 %).

e Nos résultats démontrent une fois de plus que la composition du combustible est trés variable a
plusieurs échelles spatiales et temporelles. Ils fournissent également des données de référence utiles
pour les gestionnaires des foréts de 1’ouest sujettes aux incendies.
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1. INTRODUCTION

Management practices such as fire exclusion and timber
harvesting following European settlement of western North
America have caused remarkable changes in forest struc-
ture and composition (Belsky and Blumenthal, 1997; Cooper,
1960; Covington and Moore, 1994; Weaver, 1959). These
changes have altered fire ecology, led to unprecedented fuel
accumulations (Harmon et al., 1986; Stephens 2004) and an
increasing risk of catastrophic wildland fire (Agee, 1998;
Hessburg et al., 2000; Hessburg and Agee, 2003; Moore et al.,
1999). Researchers have demonstrated the ecological impor-
tance of snags and coarse woody debris (CWD) for structural
diversity and wildlife management issues (e.g., Bull et al.,
1997; Harmon et al., 1986; Rabe et al., 1998), and many stud-
ies have evaluated the effectiveness of fuel reduction treat-
ments in managed forests following prescribed burning, chem-
ical application, or thinning (e.g., Agee and Skinner, 2005;
Bilgili, 2003; Brose and Wade, 2002; Stratton, 2004). Such
management techniques intend to mimic the role of fire and
restore forest structure and function to historical levels, yet lit-
tle is known about fuels and ecosystem functioning in natural,
unmanaged landscapes (Weatherspoon and Mclver, 2000).

Few studies have assessed stand-level fuel loads within
large, variable, and unmanaged landscapes. Stephens (2004)
found fuel loads in mixed conifer stands in Baja, Califor-
nia were lower than those published for comparable managed
forests in the western United States. Using a similar compar-
ison, Stephens (2004) noted a greater variability in fuel loads
and a patchy distribution of snags in the unmanaged stands.
Barbour et al. (2002) quantified relic old-growth stand condi-
tions in the Lake Tahoe Basin and found no significant differ-
ences in snag density and biomass of CWD among four stands
differing in tree species dominance.

Several studies describe fuel composition in mature, man-
aged forests. Harrington (1981) estimated fuel loads in pon-
derosa pine forests (Pinus ponderosa) in Arizona and com-
pared post-prescribed burn fuel loads in mature, open stands to
those in young, dense stands. There was no difference in total
fuel loads between mature and young stands, but young stands
tended to have more CWD (> 7.6 cm diameter) and fewer
fine fuels (< 3 cm diameter). Robertson and Bowser (1999)
assessed CWD in mature ponderosa pine stands in Colorado
in an effort to define old-growth forest conditions. They found
the volume of CWD was highly variable across the landscape
and generally lower than those reported in other stands or for-
est types resulting from past anthropogenic disturbance at the
study site (Robertson and Bowser, 1999). DeLong and Kessler
(2000) compared fuels in remnant patches of sub-boreal for-
est to the surrounding matrix of burned patches. They found
highly variable CWD volumes and were unable to discrimi-
nate fuel loads among stand types. DeLong and Kessler (2000)
also noted lower CWD volumes in harvested lodgepole pine
stands (Pinus contorta) compared to similarly aged post-fire
stands, suggesting that the processes leading to current stand
composition play a critical role in fuel accumulation.

Other studies have evaluated coarse woody debris as a
means to characterize the structure and ecosystem value of
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old-growth stands. Stephens et al. (2007) investigated CWD in
unmanaged, old-growth Jeffrey pine (Pinus jeffreyi) stands in
northwestern Mexico that experience frequent, low-moderate
severity fires and found greater amounts of CWD compared to
xeric, managed ponderosa pine forests in the western United
States. Spies et al. (1988) evaluated log and snag volume and
biomass in old-growth Douglas-fir forests (Pseudotsuga men-
ziesii) in the Pacific Northwest. They found older stands have
more CWD, but extreme variability in CWD made it difficult
to model fuel accumulation rates in mature stands. For young
stands (< 150 years old), Spies et al. (1988) suggest distur-
bance history is the strongest predictor of CWD composition.

Anthropogenic disturbances altering natural processes in a
forested ecosystem may ultimately influence fuel inputs. A
better understanding of fuel accumulation processes in unman-
aged landscapes will allow for comparison to managed ecosys-
tems. Old-growth forests under natural conditions are becom-
ing increasingly rare and provide reference conditions both for
quantifying anthropogenic changes to surrounding forests and
restoration efforts. Our study site includes a range of forest
types, stand structures, topography, and disturbance histories
within a single landscape that has no history of active man-
agement. While surrounding forests have experienced exten-
sive management (timber extraction, fuel reduction, fire sup-
pression, recreation), our study site consists of forested islands
(kipukas) isolated within a large lava flow and shows no evi-
dence of such management practices. This unique site provides
an opportunity to identify which environmental variables most
strongly influence natural fuel load accumulations, yet in an
area small enough to exclude the confounding influence of cli-
mate (short and long term) (Arabas et al., 2006; Pohl et al.,
2002).

Our objectives were to characterize fuel composition in a
relatively unmanaged landscape of dry forests in central Ore-
gon and identify the environmental factors influencing fuel ac-
cumulation in different stand types. Specific questions we ad-
dressed were: (i) How do fuel loads differ according to stand
type (dominant tree species)? (ii) Which environmental vari-
ables (e.g. topography, stand age and density, understory com-
position) most strongly influence fuel accumulation? (iii) Do
the environmental variables that influence fuel loads differ
among stand types?

2. METHODS
2.1. Study area

The study site is located within the Newberry National Volcanic
Monument (NNVM) in the Deschutes National Forest in central
Oregon, USA (Fig. 1). It is characterized by 11 kipukas (forested
islands) isolated among shallow, mid-Holocene lava flows. Kipuka
areas range from 0.4 to 113 ha, with maximum elevations from 1590
to 1820 m. A few logs and stumps on two kipukas resulting from
recent fire suppression efforts are the only evidence of anthropogenic
disturbance among the sampled kipukas.

The climate of the study area is strongly influenced by the rain-
shadow effect created by Oregon’s High Cascade Mountains located
approximately 50 km to the west. The moisture regime is semi-arid,
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Figure 1. Newberry National Volcanic Monument study site in central Oregon, USA. Sampled kipukas are numbered K1-K11.

with the majority of precipitation occurring from October to March,
typically as snow during the winter. Average annual precipitation be-
tween 1971 and 2002 was ~300 mm and average temperatures range
from a low of 0 °C in January to a high of 17.3 °C in July (OCS,
2006).

The kipuka forests are dominated by three tree species with pon-
derosa pine (Pinus ponderosa var. ponderosa) most common on
south-facing slopes. North-facing slopes and interior stands are dom-
inated by white fir-grand fir hybrid (Abies concolor — A. grandis). Flat

areas are typically covered with dense stands of lodgepole pine (Pi-
nus contorta var. murryana). Lodgepole pine stands are significantly
younger than the ponderosa pine or white fir stands (Tab. I). Lodge-
pole pine stands also have a lower basal area and higher density of
trees, saplings, and seedlings.

Historically, fire frequency is higher on the kipukas (MFRI =
6 years) than in the surrounding forest (MFRI = 9 years) (Arabas
et al., 2006). Fire return intervals for the surrounding forest decreased
following European settlement, probably as a result of management
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Table I. Mean stand variables (standard deviation) and key understory species for all plots within the three stand types based upon dominant

tree species as determined by importance values. BA = basal area.

Stand Type Age (yrs) Density (trees/ha) BA (m?/ha) N (plots) Dominant understory species
Ponderosa pine 176 (66) 494 (305) 26 (25) 25 Arctostaphylos patula
Ceanothus velutinus
Chimophila umbellate
White fir 168 (35) 1369 (1678) 26 (25) 19 Purshia tridentate
Ribes cereum
Lodgepole pine 93 (26) 6978 (4241) 38 14 Purshia tridentate

Ribes cereum

Bold face indicates significant difference from other groups indicated by ANOVA (p < 0.01).

activities and fire suppression. In contrast, Arabas et al. (2006) report
that the MFRI on the kipukas shows no significant change follow-
ing European settlement, suggesting that stand dynamics continue at
historic levels and the study area represents relatively natural forest
conditions.

2.2. Sampling strategy

Our data were derived from 58 plots established to inventory fu-
els and collect environmental information summarizing local forest
structure and general site conditions. Plot locations were subjectively
stratified to ensure the sampling of all stand types present on each
kipuka (Fig. 1). We used aerial photos and ground surveys to delin-
eate stand boundaries and locate the approximate center of each to
establish plots. Each plot location was assigned UTM coordinates us-
ing a GPS to facilitate comparisons with the nearest trees with known
fire scar dates (Arabas et al., 2006). Plots sizes varied from 15 m? to
50 m?, encompassing the minimal area needed to include a sample of
at least 20 live trees > 4 cm dbh (diameter at breast height, 1.4 m).

2.3. Fuel loads

We measured surface fuel loads in each plot using the planar in-
tercept method (Brown et al., 1982). Total transect length was 15 m;
fuels in the 1-h size class (0-0.64 cm diameter) were sampled from 0-
2 m along each transect; 10-h fuels (0.65-2.54 cm) from 0-3 m; 100-
h fuels (2.55-7.62 cm) from 0-5 m; and 1000-h fuels (> 7.62 cm)
were sampled from 1-15 m. We measured litter and duff depth at
three points along each transect at 0, 3, and 6 m. Litter samples were
collected from each transect and oven dried to obtain bulk density
measurements. Our calculations of fuel biomass followed the proce-
dures of Brown et al. (1982). We estimated snag densities and used
dbh to calculate the basal area (m?/ha) of all snags in each plot.

2.4. Environmental variables

Several environmental variables known to influence fuel loads
were sampled in each plot. All plots were assigned a forest edge,
forest interior, or intermediate location on each kipuka to account
for differences in light levels and its effects on overstory and under-
story species composition (Chen et al., 1995; Hrinkevich, 2005). We
noted slope aspect and angle for each plot to further account for the

influence of insolation and moisture availability on species compo-
sition (Hadley, 1994; Wales, 1972). Our environmental data also in-
cluded counts of live and dead trees (dbh > 4 cm), saplings (> 1.4 m
tall, but < 4 cm dbh) and seedlings (< 1.4 m tall) for each species
present. These data were used to calculate importance values, basal
area, and density, which are expected to influence the accumulation
rate of woody debris and litter on the forest floor and snag density.
We used four 1 m? quadrats per plot to estimate percent cover and
richness of understory plants.

We estimated tree ages by removing increment cores 30-50 cm
from the base of all live trees (> 4 cm diameter at breast height (dbh)
and > 1.4 m tall) within each plot. Increment cores were mounted and
sanded following standard dendrochronological procedures (Stokes
and Smiley, 1996) and samples were crossdated using a combination
of skeleton plotting and the list method (Yamaguchi, 1991) drawing
on marker years identified by Pohl et al. (2002).

Arabas et al. (2006) provided fire history information, including
years since the last major fire and mean fire return interval for each
stand in the study site. We define major fires as those intense enough
to scar trees or logs, or replace entire stands.

2.5. Data analysis
2.5.1. Comparisons of fuel loads among stand types

Analysis of variance (ANOVA) was used to compare mean fuel
loads among plot locations (edge, interior, or intermediate) and stand
types (ponderosa pine, white fir, or lodgepole pine). We then applied
Bonferonni post-hoc tests to statistically significant variables to iden-
tify which locations or stand types differed from each other. We used
indirect gradient analysis (principal components analysis or PCA) to
identify any obvious patterns in fuel distribution among the plots.
PCA is an unconstrained, indirect gradient analysis that reveals the
covariance structure within the fuel data and identifies the amount of
variability in the fuels that can be interpreted with subsequent direct
gradient analysis. PCA identifies correlations among all of the fuel
data for all of the plots simultaneously (covariance), revealing which
plots are most similar to each other in fuel composition (covariance
structure). PCA results allow us to determine if there are predictable
patterns in fuels among the plots that can be explained by some mea-
surable environmental gradient (e.g., do plots with older trees tend to
have more coarse fuels than younger plots). PCA reveals relationships
among the plots using only dependent fuel data, therefore it does not
directly identify which environmental variables are responsible for
those relationships.
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2.5.2. Influence of environmental variables on fuel loads
and differences among stand types

We used redundancy analysis (RDA) to quantify and compare the
influence of several environmental variables on fuel loads and among
the stand types. RDA is a constrained (direct) gradient analysis that
identifies which linear combinations of environmental variables best
explain the variation in fuel loads among plots and to approximate
the distributions of different fuel types along a measured environ-
mental gradient (ter Braak, 1986). RDA differs from PCA in that it
is constrained by independent environmental variables added by the
researcher. PCA axes reflect the dominant gradients in fuel covari-
ance, while the RDA axes correspond to gradients in fuel composition
that have the strongest correlations with the environmental variables.
RDA also allowed us to compare the different environmental factors
that may drive fuel loads and composition among the different stand
types at NNVM by including dominant tree species as a covariate.

We used a forward-selected RDA to determine which environ-
mental variables accounted for the greatest amount of variance in the
distribution of fuels and to reduce multicollinearity among the inde-
pendent environmental variables (CANOCO v.4.0, Ter Braak, 1997).
This iterative process selects variables that uniquely and significantly
(p < 0.05) explain variation in the distribution of fuels. The sig-
nificance of each added variable and the final canonical axes were
verified using Monte Carlo permutation tests with 999 unrestricted
permutations (p < 0.05). We omitted 1000-h fuels from the RDA
because they explained very little of the variation in fuels in the PCA.

All fuel variables were square-root transformed to correct for
skewed distributions and to avoid domination by the larger fuel types
and standardized to account for the different measurement units (e.g.
biomass for ground fuels and basal area for snags). Environmental
data were either square-root transformed to normalize skewed distri-
butions and standardized using z-scores to account for inconsistency
in units of measurement (e.g. count data versus area). We dummy
coded categorical variables, such as plot location and dominant tree
species, for use in ordination analyses.

3. RESULTS
3.1. Fuel load and snag comparisons among stand types

Fuel loads were highly variable across the study site (Tab. II
and Fig. 2). Larger fuel sizes (100- and 1 000-h) had the largest
standard deviations and ranges (Tab. II). Analyses of variance
revealed no significant difference in total fuel loads among
plot locations or dominant species, but there were differences
within specific fuel sizes (Tab. III). Interior plots had more
snags, 1-, 10-, and 100-h fuels, and intermediately located
plots had the highest litter accumulation and more snags than
edge plots (Tab. III). Plots dominated by lodgepole pine had
greater loads of 1-h fuels and higher snag density (Tab. III).
Fir plots had significantly greater 10-h fuels, duff, and snag
basal area than lodgepole or ponderosa pine plots. Plots dom-
inated by ponderosa pine had significantly fewer 100-h fuels
(Tab. III).

Principal components analysis (PCA) illustrated that fine
fuels explained the greatest amount of variation in fuel com-
position among all of the plots. Axis I reflected 10- and 100-h
fuels (species scores = —0.80 and —0.77 respectively) and axis

Ann. For. Sci. 66 (2009) 207

Table II. Descriptive statistics for fuel loads and environmental data.

Fuel loads

Mean (std. dev.)

1-h fuels (Mg/ha)

10-h fuels (Mg/ha)

100-h fuels (Mg/ha)

1 000-h fuels (Mg/ha)
Litter (Mg/ha)

Duff (Mg/ha)

Snag basal area (m”/ha)
Snag density (#/ha)

Dead sapling density (#/ha)

0.2(0.1)
0.7 (0.4)
0.9 (0.8)
17.7 (21.7)
0.02 (0.01)
6.1 (4.4)
7.2(7.6)
443 (766)
1695 (5633)

Environmental variables

Location of stand on kipuka

Dominant tree species

Edge n = 14, Interior n = 19,
Intermediate n = 25
Ponderosa pine, white fir,

lodgepole pine
Mean (std. dev.)

Tree basal area (m?/ha) 24.6 (27.1)
Stand density (trees/ha) 2427 (3508)
Tree age (years) 152 (60)
Live seedling density (#/ha) 806 (1434)
Live sapling density (#/ha) 1447 (3988)
Understory vegetation richness 3.6 (2.7)

Range
Slope aspect 10-360°
Slope angle 0-30°
Time since last recorded fire (years) 21-300

Italics indicate variables identified by PCA and forward-selected RDA as
explaining a significant amount of the variation in fuel composition.

II represented 1-h fuels (species score = 0.64). The first two
principal components explained more than half of the variance
in fuel composition (Fig. 2).

3.2. Influence of environmental variables on fuel loads

Redundancy analysis identified tree species, density and
age, and years since last fire as significant explanatory vari-
ables for fuel distributions among the plots (Fig. 3). The
species-environment correlations (1; = 0.75, 1, = 0.54) indi-
cate the measured environmental variables explained the ma-
jority of the covariance structure in fuel composition. Eigen-
vector length and orientation suggest that duff, snags, and 10-h
fuels explained the greatest amount of variance (20%) in fuel
composition among plots when the ordination is constrained
by environmental variables (Fig. 3). Fuels in the 1-h size class
significantly explained additional variance (6%) in fuel com-
position (Fig. 3).

Inter-set correlations (/C) reflect the strength of the rela-
tionship between the environmental variables and the ordina-
tion axes. Axis I indicated that stand basal area (/C = 0.53)
and years since the last major fire (/C = 0.36) explained the
greatest amount of variation in the fuel loads. The proximity of
the vectors for basal area and time since fire indicates a strong
correlation between these two environmental variables. Stands
that have not burned recently tended to have high basal area.
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Table ITII. Mean (std. dev.) fuel loads (Mg/ha) and snag basal area (m?/ha) and density (#/ha), and ANOVA results by stand locations and
dominant species. ANOVA compared each fuel class among the three different locations and the three dominant stand types. Stand types

designated by dominant species calculated using Importance Values.

Stand Location on Kipuka

Stand Type by Dominant Species

Interior (N = 19) Edge (N = 14) Intermed (N = 25) Ponderosa (N = 25) Fir (N = 19) Lodgepole (N = 14)

1-h 0.3 (0.1) 0.1 (0.0) 0.1(0.1) 0.1(0.1) 0.1 (0.1) 0.3 (0.2)

10-h 0.9 (0.5) 0.6 (0.3) 0.7 (0.3) 0.6 (0.3) 1.0 (0.4) 0.7 (0.4)
100-h 1.5(1.1) 0.6 (0.4) 0.8 (0.6) 0.6 (0.4) 1.1 (0.6) 1.4 (1.2)
1000-h 16.6 (20.2) 12.2 (16.2) 21.5(25.0) 15.8 (18.2) 15.3 (16.9) 24.5 (31.5)
Total 19.3 (20.2) 13.3 (16.3) 23.2 (25.0) 17.1 (18.3) 17.6 (17.2) 26.8 (31.1)
Litter 0.01 (0.01) 0.01 (0.01) 0.02 (0.01) 0.02 (0.01) 0.02 (0.01) 0.01 (0.01
Duff 5.8(4.2) 5.6 (3.3) 6.5(4.9) 5.2 (3.6) 8.3(4.7) 4.7 (4.2)
Snag BA 8.5(7.3) 5.7 (6.0) 7.0 (8.6) 4.7 (4.8) 11.8 (8.9) 5.6 (7.5)

Snag Dens 1200 (959) 52 (49) 100 (230) 39 (41) 504 (760) 1039 (1003)

Bold face indicates a significant difference (p < 0.05) in that fuel type from the other stand locations or types.
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Figure 2. PCA biplot showing the covariance structure of fuel loads
among all plots sampled at NNVM. Black circles represent plots
dominated by lodgepole pine; gray circles are ponderosa pine; open
circles are fir. Vector lengths correspond to species scores, reflect-
ing the strength of the relationship between each fuel class and the
axes. Plots located near the end of a vector have high amounts of that
fuel class.

The small eigenvalue (0.06) for the second axis indicated stand
density and tree age were not strong indicators of fuel com-
position across the study site once basal area and years since
last fire (Axis I) are accounted for. Plot position (edge versus
interior) on the kipukas was not a significant environmental
variable in the RDA but it was strongly correlated with tree
species composition, which caused the strongest separation
among plots in the analysis. Interior plots tended to have more

Figure 3. RDA diagram showing the relationship between environ-
mental variables and fuel loads at NNVM. Black circles are plots
located in kipuka interiors; gray circles are in intermediate locations;
open circles are plots located on kipuka edges. Dashed lines are envi-
ronmental variable vectors and solid lines are fuel load vectors; vector
length signifies the strength of that variable along the axes and vector
proximity indicates the degree of correlation between the environ-
mental variable and the fuel class.

1-h fuels and higher stand density, while edge plots tended to
have older trees at lower density.
3.3. Environmental variables and stand type

Redundancy analysis separated the plots into five groups (I)
pure lodgepole pine, (II) large and mature white fir, (III) pure
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Table IV. Comparison of mean woody fuel loads (Mg/ha) and snag densities from coniferous forests throughout western North America. Coarse
woody debris (CWD) definitions differ among studies. This study and Kauffman and Martin include logs > 7.62 cm; Stephens and Youngblood

et al. > 15 cm; Robertson and Bowser > 10 cm diameter.

Source Location and management history 1-h 10-h 100-h CWD Snags
(Mg/ha) (Mg/ha)  (Mg/ha) (Mg/ha) (#/ha)
This study Central Oregon Unmanaged 0.2 0.7 0.9 17.7 443
Kauffman and Martin (1989) Sierra Nevada Managed 0.2-0.8 1.9-3.0 0.9-3.7 10.7-29.5 n/a
Youngblood et al. (2006; 2008) NE Oregon Managed 0.4 0.6 3.0 16.9 46
Stephens (2004) NW Mexico Unmanaged 0.1 0.8 1.2 13.8 5
Knapp et al. (2005) Sierra Nevada Managed 1.4 2.8 4.8 94.8 n/a
Agee and Lolley (2006) Central Washington Managed 1.1 2.0 3.5 11.4 n/a
Stephens and Moghaddas (2005b) Sierra Nevada Managed 1.0 3.8 6.7 244 n/a
Stephens and Moghaddas (2005a) Sierra Nevada Managed n/a n/a n/a 35 28
Ganey (1999) N Arizona Managed n/a n/a n/a n/a 5
Barbour et al. (2002) Lake Tahoe Basin Unmanaged n/a n/a n/a n/a 109
Stephens et al. (2007) NW Mexico Unmanaged n/a n/a n/a 16 n/a
Robertson and Bowser (1999) Front Range Colorado Managed n/a n/a n/a 3 n/a
Robertson and Bowser (1999) SW Colorado Managed n/a n/a n/a 5 n/a

ponderosa pine, (IV) smaller ponderosa pine with a fir and
lodgepole pine component , and (V) smaller and younger fir)
based on relative age and dominance of the three tree species
(Fig. 3). The RDA environmental vectors indicated that lodge-
pole pine plots (group I) are characterized by young trees
growing at high density following relatively recent fire. The
fuel vectors indicated that lodgepole-dominated plots tended
to have high accumulations of 1-h fuels with little duff.

The mature white fir plots (group II) were characterized by
old individuals growing at intermediate densities following a
prolonged absence of severe fire (Fig. 3). Duff biomass and
snag basal area reached their highest values in these plots. Ma-
ture fir plots typically had high accumulations of 10- and 100-h
fuels, but low amounts of 1 000-h fuels or litter (Fig. 3).

Redundancy analysis differentiated between two distinct
groups of ponderosa pine-dominated plots (Fig. 3). The pure
ponderosa pine plots (group III) were characterized by low
stand density and some of the oldest trees in the study area, but
there was a high degree of variation in tree ages among pon-
derosa pine plots (Fig. 3). Similar to the mature fir plots (II),
the mature ponderosa plots had not experienced recent severe
fires (Arabas et al. 2006). Plots dominated by pure ponderosa
pine had high accumulations of 1 000-h fuels with low to mod-
erate fine fuel accumulations (Fig. 3). The second ponderosa
pine group (IV) included younger trees growing at higher den-
sities and mixed with white fir or lodgepole pine. These plots
had experienced more recent severe fire than the pure pon-
derosa plots in group III (Fig. 3). The fuel composition in the
mixed ponderosa plots included high accumulations of litter,
low snag basal area, duff, and 10-h fuels (Fig. 3). The spread
of plots along the 1-h vector illustrates that there was high vari-
ation in 1-h fuels among the plots within this group.

Six white fir plots (group V) differ from the fir plots in
group II based on the dominance of young, small-diameter
trees located at intermediate positions on smaller kipukas. In
contrast to the mature white fir (III), these plots experienced
more recent fire and had more litter and less duff, 10- and
100-h fuels, and snag basal area (Fig. 3).

4. DISCUSSION
4.1. Fuel loads and snag densities

Fuel data from our plots were highly variable but similar
to those reported for other western North American conifer
forests (Tab. IV). Fuel loads for downed woody debris at
NNVM were comparable to those published by Kaufmann
and Martin (1989) and Stephens (2004) for Jeftrey pine stands
in western North America, and dry forests of northeastern
Oregon (Youngblood et al. 2006; 2008). The distribution of
1000-h fuels at NNVM was bimodal and highly variable,
with almost half the study plots having none and the other
half having large amounts. Other studies also reported wide
ranges in 1 000-h fuel loads, both within and among study sites
(Tab. IV). NNVM values were similar to those reported by
Stephens et al. (2007) for an unmanaged xeric forest in north-
western Mexico (Tab. IV), but comparisons with other studies
are complicated because researchers define CWD differently.
The bimodal distribution of CWD at NNVM further compro-
mises multivariate comparisons of 1000-h fuel loads among
our plots, therefore their influence on fuel composition at our
study site may be underestimated.

Reports of snag densities were also highly variable across
studies. Stephens (2004) recorded snag densities ranging from
3.95-5.10 snags/ha, with 35% of sampled plots having no
snags. Robertson and Bowser (1999) reported an average snag
density of 11.92 snags/ha in mature ponderosa pine stands
in Colorado, with 52% of plots lacking snags. Youngblood
et al. (2006) found more snags in dry forests of northeastern
Oregon (46-53 snags/ha), but still less than we recorded in
central Oregon (averaging 443 snags/ha, 12% of plots lack-
ing snags). NNVM snag densities were also higher than those
reported by Ganey (1999) for ponderosa pine stands in Ari-
zona (5 snags/ha) and Barbour et al. (2002) for Jeffrey pine in
California (109/ha), who used diameter limits and sampled in
managed stands. The high snag densities observed at NNVM
were likely a function of two factors. First, high mortality was
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common among the dense, young post-fire cohorts of lodge-
pole pine and fir. Excluding interior plots where these dense
stands are typically located reduced average snag density to
86/ha. Second, recent mortality associated with mountain pine
beetle may increase the number of snags in plots with older
ponderosa or lodgepole pine trees.

4.2. Fuel loads and snag basal area by stand type

Neither plot location nor dominant tree species made a sig-
nificant difference in total fuel loads at NNVM. However,
there were differences in individual fuel size classes across
stand locations and types. Plots located in kipuka interiors
were often dominated by lodgepole pine and had high 1-h fuel
loads. Interior plots also had the highest 10-h fuel loads, es-
pecially those dominated by mature white fir. Ponderosa pine
dominated stands, typically located near the edges or interme-
diate locations on the kipukas, had significantly lower 100-h
fuel loads compared to the lodgepole pine and fir stands. The
strong correlation between stand location and type make it dif-
ficult to identify which variable plays a stronger role in fuel
accumulation.

Lodgepole pine plots shared similar fuel loads as demon-
strated by their tight grouping in the RDA diagram. The major-
ity of lodgepole pine stands at NNVM were young, dense post-
fire cohorts in the process of self-thinning. Unlike larger trees,
self-thinning lodgepole pines rarely persist as standing fuel re-
sulting in a low snag basal area. The majority of downed fuels
from these small diameter trees were leaf litter and 1-h fuels.
High variations in 10- and 100-h fuel classes in the lodgepole
pine plots occurred in the few mature stands located on or near
the edge of kipukas.

The majority of plots dominated by white fir exhibited
lower variability in fuel composition and high accumula-
tions of duff, 10-h fuels and snags compared to other stand
types. These fir stands were older and located on more
northerly kipukas or on north-facing slopes that have not ex-
perienced recent fire. The high snag basal area may be ex-
plained by the susceptibility of fir trees to a variety of root
diseases and insects and the senescence of mature individuals.
Van Wagtendonk et al. (1998) found similar high duff, 10- and
100-h fuel loads for white fir stands in Sierra Nevada. Barbour
et al. (2002) also reported higher snag density in white fir than
pine or mixed conifer stands near Lake Tahoe. The younger
and more southern stands of fir at NNVM burned more re-
cently and therefore had lower accumulations of duff, 10-h fu-
els and snags. Other studies have demonstrated similar positive
correlations between stand age and duff, 10- and 100-h fuels
(van Wagtendonk et al., 1998).

The other key difference between the two fir groups was
understory composition. The understory of the more ma-
ture stands was dominated by Chimophila umbellata, a low-
growing shade-tolerant species that contributes little to fuel
loads. In contrast, Purshia tridentata and Ribes cereum dom-
inated the understory of the younger, more recently burned
stands. These disturbance-adapted shrubs more likely con-
tributed to the accumulation of fine fuels such as litter. Under-
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story composition may also indicate differences in local site
productivity, which would influence fuel accumulation rates.

Ponderosa pine plots exhibited high variability in all fuel
classes and separated into two distinct groups based primarily
on tree age and fire history. The older, pure ponderosa pine
plots (group III) that have not experienced recent fire had low
accumulations of 1-h fuels. Younger, more dense, ponderosa
pine plots (group IV) had greater accumulations of litter and
1-h fuels, less duft, and fewer snags. These results differ from
Harrington’s (1981) reports of young, dense stands having less
litter. The younger ponderosa pine stands at NNVM included
a mix of fir and lodgepole pine and occur on the more mesic
west or northwest facing slopes. These conditions suggest high
litter accumulations may be a function of: (1) higher site pro-
ductivity, (2) the contribution of large needles and high crown
density of ponderosa pine combined with smaller needles and
higher stem densities added by the fir and lodgepole pine,
and (3) a dead or dying understory of Arctostaphylos patula
and Ceanothus velutinus shrubs leading to high local accumu-
lations of litter. Older stands tended to have more duff and
snags, and fewer 1-h fuels consistent with more xeric condi-
tions and a lower stand density. Mature stands also included
larger canopy openings and have open crown structures that
reduce the shedding of needles and twigs characteristic of
younger trees.

4.3. Influence of environmental variables on fuel loads
and snags

No single stand-level environmental variable consistently
predicted the accumulation of fuels or snags at NNVM. These
results were similar to other studies (Brown and See, 1981;
Robertson and Bowser, 1999; Spies et al., 1988) indicating
that fuel composition is a function of several factors operating
at multiple scales. At NNVM these factors included species
dominance, basal area, stand density and age, and time since
the last fire, yet the contribution of each of these factors was
limited to specific fuel size classes. Stand density was posi-
tively correlated with 1-, 10-, and 100-h fuel loads, but had
little influence on litter or duff accumulation after accounting
for species composition. Duff biomass was more strongly cor-
related with stand age and basal area and time since last fire.
Older stands with larger trees have been accumulating duff and
snags over time. Several of the young lodgepole pine stands at
NNVM experienced varying degrees of blowdown contribut-
ing to the weak overall correlation between stand density and
snag abundance.

Litter loads were negatively correlated with all of the tested
environmental variables, especially stand basal area and time
since the last fire (Fig. 3). Intuitively, the absence of fire would
lead to high litter accumulations, but we found the opposite.
Mature ponderosa pine plots that had not experienced recent
fire had lower litter biomass. This may be explained in part
by a history of pandora moth (Coloradia pandora Blake) out-
breaks at NNVM. Pandora moths defoliate ponderosa pine
trees, removing needle biomass that would contribute to litter
loads and lowering fire frequencies (Speer et al. 2001). The
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high litter accumulations in more recently burned plots may
result from scorched needle fall following low-severity ground
fires (Agee, 2003; Arabas, 1997; Perrakis and Agee, 2006;
Stanton, 2007) and the vigorous growth of fire-adapted shrubs
in the understory.

4.4. Environmental variables and stand type

The environmental variables that influenced fuel composi-
tion differ between lodgepole pine stands and ponderosa pine
or fir stands. Stand age and basal area, and time since last fire
were most strongly correlated with fuel composition in pon-
derosa pine and white fir plots. In contrast, fuels in lodgepole
pine plots appeared to be more strongly controlled by stand
density. Our sample size limited us from analyzing each stand
type separately to identify directly which environmental vari-
ables are most important in the different stand types. In partic-
ular, additional studies are needed that include more data from
unmanaged lodgepole pine and white fir stands.

5. CONCLUSIONS

Fuel composition and the environmental variables that best
explain fuel loads differed among the three stand types in-
cluded in this study, and fuel loads within each stand type
were highly variable, making it difficult to generalize across
the landscape which environmental variables can be used as
key predictors of fuel loads and subsequent fire hazard. The
majority of environmental variables we sampled did not con-
tribute significantly to a general explanation of surface fuel or
snag accumulation. Topography (slope aspect and elevation)
however, appeared to be an important indirect factor because
of its role in determining species composition, one of the more
important stand variables we identified.

Similar to other studies, our results suggest that variation in
surface fuels is too large to be easily explained by independent
variables with relatively low variance, or we failed to account
for a key explanatory variable. We do not have accurate esti-
mates of insect outbreaks, nor did we include live fuels in our
analyses, either of which could influence fuel accumulation
across the study site. Additionally, the influence of fire his-
tory on fuel accumulation is complex and difficult to identify.
Our analysis included only major fires that scarred standing
trees or logs. It is likely that low-intensity surface fires have
burned in many of our plots, but there is a lack of accurate
records to identify when or where those fires occurred. Surface
fires would have consumed primarily fine fuels (litter, duff, and
1-h), but low-intensity fires can sometimes increase fuel accu-
mulation through scorching and sapling mortality. Needle loss
following low intensity fire may also explain the lack of a cor-
relation between litter loads and time since the last major fire.

Our results support the broad consensus that forest fuel
composition in western North America is highly variable at
many spatial scales, especially in relatively unmanaged stands
(Stephens et al. 2008). Stand composition is often an insuf-
ficient estimator of fuel composition and total fuel load data
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may be an inadequate indicator for wildfire risk. Obtaining ac-
curate fuel load data can be difficult (Westfall and Woodall,
2007) and current methods for estimating fuel loads tend to be
general, focusing on patterns in fuel loads while ignoring the
processes that govern fuel load dynamics. Several authors note
the need for fuel treatments with an ecosystem management
approach that considers both patterns and process at multiple
spatial scales (Lehmkuhl et al., 2007; McKenzie et al., 2007;
Reinhardt et al., 2008; Stephens et al., 2007, Weatherspoon
and Mclver, 2000), but it remains difficult to assess multiple
aspects of stand dynamics such as tree density, insect out-
breaks, and species diversity across multiple spatial and tem-
poral scales. If the management goal is to maintain or restore
healthy and resilient forests, variation and heterogeneity in
fuel composition must be considered along with stand history
and the ecosystem processes that led to the observed patterns
in forest and fuel composition.
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