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Abstract: Downed woody material (DWM) is a key component in forest ecosystems with age,
structure, and disturbance described as primary factors that influence DWM dynamics. In particular,
much emphasis is placed on large coarse woody debris (CWD). Fine woody debris (FWD) (less
than 7.62 cm diameter), duff, and litter also contribute to carbon stocks, provide habitat, add to
nutrient cycling, and are often the most available fuels for fire, yet are regularly overlooked in
studies describing the forest floor. Throughout the middle montane zone within the Intermountain
West region USA, interior Douglas-fir (Pseudotsuga menziesii var. glauca Mirb. Franco) is a
predominant forest type, yet little is known about the forest floor complex in these forests. We used a
chronosequence approach to compare DWM patterns over the course of stand development among
stands with different disturbance histories. Using classification and regression trees, we also evaluated
an assemblage of environmental, structural, and disturbance variables to determine factors of most
importance for estimating loading for DWM, duff, and litter. We found CWD resembled a U-shaped
pattern of buildup while FWD components remained stable over the course of stand development
regardless of disturbance history. Our results indicate that large DWM components are most closely
associated with the amount of standing dead material in a stand, primarily the density and basal area
of snags. Fine woody material was more aligned with live stand components, while duff and litter
were more influenced by disturbance.

Keywords: coarse woody debris; fine woody debris; interior Douglas-fir; forest inventory analysis;
intermountain west; fire; insects

1. Introduction

Downed woody material (DWM) is an integral structural component within forest ecosystems [1,2]
which includes any dead wood from large tree boles [3,4] to small branches and twigs [5]. These forest
floor components are often stratified by a diameter size threshold into two types: coarse woody debris
(CWD) and fine woody debris (FWD). Throughout the literature, CWD has been defined by a minimal
diameter class ranging from as low as 2.5 cm diameter [6] to the more common 7.62 cm and greater [7],
while FWD often consists of pieces less than 7.62 cm diameter. Collectively these structural elements
serve a variety of important ecosystem functions.

Coarse woody debris provides a critical habitat for wildlife [8–10], substrate for plant
regeneration [11,12], and shading and protection of seedlings [1,7]; stabilizes soils and acts as erosion
control [13]; and is also intrinsically tied to forest nutrient cycling processes [14,15]. It is important in
forest carbon budgets acting as both a source and a sink [16], and when incorporated into riparian
habitats, provides nutrients for aquatic life and refuge for fish [17]. The importance of FWD is
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highlighted as a key input in wildfire behavior modeling programs [18,19], and has been used as a
species indicator for forest cryptogams [20].

Aside from DWM, litter and duff are two additional important forest floor components
that have impacts on the ecological functioning of forests. Litter influences the rates of soil
nutrient cycling through decomposition, shades seeds and emerging seedlings, and affects soil
temperatures [21]. Litter is also an important fuel and primary carrier of surface fire. Duff, the partially
decomposed material below the litter layer, contributes to reducing soil erosion and increasing water
retention [22,23]. During wildfires the long residual time frame of smoldering duff can elevate soil
temperatures to become lethal to soil biota and destroy rhizomes and seeds, and can create extensive
smoke hazards impacting air quality and public health [24,25].

Through efforts set forth by Harmon et al. (1986) and Maser and Trappe (1984) [2,26],
the importance of CWD in forest ecosystems has gained traction with focuses on understanding
the patterns and availability of CWD in relation to disturbance and stand dynamics [27]. Specifically,
stand age, structure, environmental site conditions, and disturbance history have been identified as
important factors that influence deadwood patterns.

Most studies addressing the importance and dynamics of DWM have been directed at old-growth
forests [27], and to a lesser extent towards forests of younger age classes and those affected by
disturbances at different stand development periods. For example, old-growth coastal Douglas-fir
(Pseudotsuga menziesii var. menziesii (Mirb.) Franco) forests have received great interest in relation
to CWD [3,14,28]. However, limited information is available regarding deadwood dynamics within
interior Douglas-fir (Pseudotsuga menziesii var. glauca (Mirb.) Franco) forests. The few studies that have
looked at deadwood components were primarily focused on the accumulation of DWM following insect
outbreaks, specifically Douglas-fir beetle (DFB; Dendroctonus pseudotsugae Hopkins Curculionidae:
Scolytinae), [29–31], western spruce budworm (WSBW; Choristoneura occidentalis Freeman, Lepidoptera:
Tortricidae) [32], and their relationships with fuel loading and fire behavior in a narrow 0–30 year
window. One study that did examine DWM trends in interior Douglas-fir forests was limited to the
first 150 years of stand development [33]. Furthermore, the majority of studies concentrated on DWM
are focused on large (>7.62 cm) CWD pieces with little research investigating the buildup of FWD
material [34].

For this study we used a U.S. Forest Service, Forest Inventory and Analysis (FIA) dataset to
assess patterns of deadwood distribution, duff, and litter loads in interior Douglas-fir forests across
its broad geographic range. In the Intermountain West, USA, interior Douglas-fir is one of the most
widely distributed conifer species and is a prevalent forest type across the middle montane zone
that commonly ranges between 900 and 1500 m above mean sea level (amsl) [35,36]. These forests
sustain a rich diversity in composition and structure primarily determined by biogeoclimatic, genetic,
and disturbance factors [37], and which is highly adaptive to an array of site conditions that extend
across xeric to mesic gradients [29,36].

As in other western Rocky Mountain forest types (e.g., lodgepole pine (Pinus contorta var.
latifolia Dougl.), and spruce/fir (Picea engelmannii Parry ex Engelm./Abies lasiocarpa (Hook.) Nutt.)),
disturbance processes exert strong influences over forest development trajectories [38]. In interior
Douglas-fir forests, fire and insects are two of the most important disturbance agents affecting species
composition, nutrient cycling, stand structure, and other ecological processes [30,39].

The purpose of this study is to quantify and asses DWM, duff, and litter loads over the course of
stand development in interior Douglas-fir stands with different disturbance histories. These include
stands with no evidence of major disturbance (NMD), stands affected by wildfire, and stands that
were classified as having been infested by insects. Furthermore, we sought to identify the important
factors that influence the loading of different DWM size classes in these forests. These factors include
stand structural components such as live and dead basal area, live and dead stand density index,
and mean quadratic mean diameter (QMD). We took into account environmental variables including
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mean maximum and minimum annual temperature, mean precipitation, mean elevation, and solar
radiation index, and also stand development factor of stand age. Specific objectives are as follows:

(1) Compare the estimates of DWM (CWD, FWD), duff, and litter loading among stands with
different disturbance histories;

(2) Evaluate DWM (CWD, FWD), duff, and litter loading response for each disturbance type at
different stand development stages (stand initiation, stem exclusion, and mature);

(3) Identify factors including environmental and stand structural in nature that dictate DWM, duff,
and litter loading in interior Douglas-fir forests of the Intermountain West, USA region.

We hypothesize mean annual total precipitation will be a key factor in regard to DWM loading and
stands with more precipitation will be more productive (e.g., higher basal areas and higher number of
trees per hectare) and therefore have greater mean DWM loads. We also hypothesize large disturbances
will be a key factor in affecting DWM patterns and lead to higher levels of DWM loading compared
with stands that have no prior major disturbance such as fire, disease, and/or insect infestations.
We expect stands with NMD will display a U-shaped pattern of DWM loading as observed in other
Douglas-fir forest types [3]. Stands affected by fire will likely have a higher input of CWD associated
with greater snag densities during the stand initiation phase, while mature insect-affected stands will
display higher litter loads compared with young stands. This is because older mature forests are
often more susceptible to insect attack which is linked to changing DWM and litter loading following
infestations [29]. Assessing changes in DWM, litter, and duff among a variety of interior Douglas-fir
forested sites can lead to a better understanding of surface fuel conditions as well as carbon levels in
this prominent yet often overlooked forest ecosystem.

2. Materials and Methods

2.1. Sampling Design

The data for this project were derived from United States Department of Agriculture USDA Forest
Service FIA annual surveys completed between 2004 and 2015 in the states of Arizona, Colorado,
Idaho, Montana, Nevada, New Mexico, Utah, and Wyoming, USA. The FIA program is the lead
government organization responsible for collecting forest inventory data across all land ownership
categories (private, public, commercial) within the United States [40]. These surveys are based on
a two-phase sampling design scheme. In Phase 1, aerial photography, satellite imagery, and other
remote sensing data are used to classify land cover into forest and non-forest categories across the
U.S. [41]. During Phase 2, a nationally standardized mapped plot design is employed where one
permanent sample plot is established approximately every 2400 ha in a forested cover land class [42].
For each plot, a condition class is assigned based on species types, stand types, ages, or presence of
forest and non-forest cover over a site area. Since plots are preassigned to a random geographical
location along a grid network, multiple condition classes can be present on a sample plot for a given
site [33]. All FIA plots are now on a remeasurement cycle of five years for eastern states and ten
years for western states. A detailed explanation of FIA plot establishment procedures is described
in O’Connell et al. [43]. All FIA data are freely available to the public and are deposited in the FIA
database located at https://apps.fs.usda.gov/fia/datamart/.

2.2. Data Collection

A standard FIA plot consists of four 7.3 m fixed-radius subplots (approximately 0.017 hectares
in size) spaced 36.6 m apart in a triangular pattern around a central Subplot 1. Subplots 2, 3, and 4
are located at angles of 120◦, 240◦, and 360◦ from Subplot 1 center (see Figure 1). On each subplot the
overstory consisting of living and standing dead trees 12.7 cm and greater in diameter is measured.
Tree characteristics including height, diameter at breast height (DBH) (measured at 1.37 m from base of
tree), uncompacted and compacted crown ratios, species, decay class (for standing dead), and evidence
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of damage (fire, insect, disease, mechanical, animal, or other) are collected for each tree within each
subplot. These attributes are used to compute variables such as volume, biomass, and carbon estimates.
Within each individual subplot is a nested 2.07 m fixed-radius microplot located at 90◦ azimuth and
3.66 m from subplot center on which saplings (≥2.54 and <12.7 cm diameter) and seedlings (<2.54 cm
diameter) are measured. Height, DBH, crown ratio, and species type data are collected for saplings,
while for seedlings, species type and a count of individuals per species are recorded. Stand age is
derived from the mean age of all live trees from the dominant size class, or seedlings and saplings
using ages derived by other means from all four subplots. For trees and saplings (>7.62 cm diameter),
a minimum of two trees per species and size class are selected and bored at DBH using an increment
corer. Tree ring counts between the outside edges of the core and the pith are counted in the field to
determine individual tree age at breast height. Tree core samples that are difficult to count in the field
are collected, brought back to the lab, sanded, mounted, and counted under a microscope. Seedling age
is determined from mean whorl count per species for all four subplots in which seedlings occur.

Downed woody material and other forest floor variables measured in the field include coarse
wood (>7.62 cm diameter), fine wood (<7.62 cm diameter), duff, and litter. Fine wood is further
categorized into three size classes: small (0–0.61 cm), medium (0.62–2.4 cm), and large (2.54–7.5 cm).
All DWM components are counted using a line intercept method (Figure 1). On each subplot, two
transects established from the subplot center extend out a horizontal distance of 7.3 m to the subplot
edge. Transect directions are defined as Subplot 1, 90◦ + 270◦; Subplot 2, 180◦ + 360◦; Subplot
3, 135◦ + 315◦; and Subplot 4, 45◦ + 225◦ (Figure 1). Coarse woody debris is tallied along the entire
length of each 7.3 m transect and only pieces where the central longitudinal axis intersects a transect
are counted; this includes pieces that are suspended above the ground but still cross the intersect.
For each tally piece, its species, diameter at intersection, decay class (1–5, with 1 being sound freshly
fallen wood to 5 being almost completely decayed), and large-end diameter are recorded. Small and
medium fine woody pieces are tallied by size class along the 4.2–6.1 m section of a transect, while large
fine woody pieces are tallied along the 4.2–7.3 m section of each transect.

Litter is defined as the forest floor layer consisting of leaves, needles, twigs, bark flakes, cones,
dead moss, lichens, dead herbaceous material, and small pieces of decayed wood. Duff is defined as
the layer below litter consisting of decomposed organic material that is no longer distinguishable as
litter down to the top of the mineral soil layer [44]. Duff and litter depths are measured using a ruler at
the 7.3 m mark at the end of each transect.

Carbon content for coarse woody pieces is calculated using volume, specific gravity for the
species, and a deduction for decay class [45,46]. When the species is not identifiable, hardwood vs
softwood class is used. Fine wood carbon is calculated similarly, except that only hardwood and
softwood classes are used. Litter and duff carbon is calculated using depth measurements to determine
volume per unit area and bulk density factors. Species-specific and pool-specific factors can be found
in documentation supporting FIA computation procedures [46].
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Figure 1. Downed woody material (DWM), duff, and litter transect sampling layout for Interior West
Forest Inventory and Analysis (FIA) Phase 2 plots covering a single condition class. Each individual
subplot (1–4) has a fixed radius of 7.3 m and each DWM transect is 7.3 m in length. Diagram reproduced
from FIA National Core Field Manual v.7.1.

2.3. Dataset Assembly

The initial dataset created for this project consisted of 7228 single conditions that contained
interior Douglas-fir as a component of stand composition. For our purposes, the terms condition, plot,
and stand are synonymous. Hereafter the term “stand” will be used to refer to the sampled area at a
given location. From this grouping we eliminated 1725 stands that contained no DWM measurements.
We then filtered the dataset to include only stands where interior Douglas-fir represented >50 percent
of total stand basal area, leaving 1994 stands for analysis. From this selection, we stratified stands into
three disturbance categories with the first being stands classified has having no major disturbance
(NMD) (1420). Major disturbance is coded by field crews when there is evidence of insects, fire,
disease, wind, animal damage, landslides, and or avalanches affecting a greater than 0.40 ha area
of a stand. If this threshold is not met then stands are categorized as having no major disturbance.
We recognize that some form of disturbance is almost always present in a stand creating deadwood;
however, for the purposes of our study and based on our field protocols, both the size threshold
and evidence of a disturbance agent within the last 10 years of a stand visit must be met before
a stand is coded as having a disturbance. The second disturbance category was stands affected
by wildfire (333), and the third disturbance category was stands infested by insects (241). Stands
affected by fire were determined by field verification from evidence of bole charring, crown scorch,
and burned vegetation affecting a minimum of 0.40 ha of the area of a stand. In addition, Monitoring
Trends in Burn Severity (MTBS) [47] data were overlaid on our stand locations to determine which
stands had been burned. Insect-infested stands were determined through stand visits and verification
of the physical presence of an actual insect damage agent, larval galleries, frass, topkill, and or
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defoliation affecting at least a 0.40 ha area of the stand. Insects of concern were those that primarily
utilize Douglas-fir as a host and can cause tree mortality (e.g., DFB, WSBW, Douglas-fir tussock moth
Orgyia pseudotsugata (McDunnough)). Disturbance types for this study were chosen based on the
two most prominent disturbance agents—fire and insects—which characteristically affect interior
Douglas-fir [48,49]. We recognize that all stands have some level of disturbance present be it endemic
insect infestations, disease pockets, and/or wind damage, but for our purposes, stands with less than
0.40 ha affected by a disturbance agent were not considered to have a major disturbance.

Stands were further stratified based on their development stage using stand age classes.
Since disturbances exert strong influences over stand development across various temporal and spatial
scales [50,51], no specific age cutoff exists for each stage in interior Douglas-fir forests. We utilized
Oliver and Larson’s [52] stand development model as a guide to classify stands into stand age class
categories as follows: stand initiation (0–30 years old), stem exclusion (31–120 years old), and mature
(>120 years old).

We consider the sample of 1994 stands included for analysis as primarily representing natural
conditions and processes found in interior Douglas-fir stands throughout the Intermountain West,
USA. Although human use of interior Douglas-fir stands has been and is still evident, primarily for
commercial logging uses [53,54], this activity exerts a small footprint in the context of the Intermountain
West landscape [33]. None of the stands utilized for this study had any recent evidence of harvesting.

Overall, stands in the dataset covered the broad geographic distribution of interior Douglas-fir
and ranged from 31.7◦ to 48.9◦ N latitude, from −110◦ to −117◦ W longitude (Figure 2), and along an
elevation gradient of 473 to 3244 m. Additional environmental metrics are displayed (Table 1).

Figure 2. Locations of Forest Inventory and Analysis stands representing interior Douglas-fir
(Pseudotsuga menziesii var. glauca) forest type used in this study from across the Interior West, USA.

Table 1. Mean and standard error of stand environmental characteristics for each disturbance type and
development stage.

Stand
Type

Age
Class N Elevation

(m)
Relative *

Elevation (m) Slope (%) Aspect (◦) PPT † (mm) Tmax †

(◦C)
Tmin †

(◦C)

NMD
0–30 219 1723 ± 36 71 ± 21 39.1 ± 1.5 177.6 ± 6.8 704 ± 16.6 11.6 ± 0.1 −1.1 ± 0.1

31–120 801 1748 ± 19 87 ± 11 43.5 ± 0.7 181.6 ± 3.8 719.5 ± 8.9 11.5 ± 0.07 −1.2 ± 0.1
>120 400 2115 ± 26 −120 ± 14 46.8 ± 1.0 195.2 ± 5.4 674.7 ± 10.5 10.8 ± 0.1 −2.3 ± 0.1

Fire 0–30 207 1971 ± 28 31 ± 22 48.7 ± 1.4 184.4 ± 7.5 734.8 ± 14.6 11.4 ± 0.2 −2.1 ± 0.1
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Table 1. Cont.

Stand
Type

Age
Class N Elevation

(m)
Relative *

Elevation (m) Slope (%) Aspect (◦) PPT † (mm) Tmax †

(◦C)
Tmin †

(◦C)

31–120 62 1852 ± 57 93 ± 46 51.5 ± 2.8 179.1 ± 12.8 768.8 ± 26.8 11.8 ± 0.3 −1.5 ± 0.3
>120 64 1996 ± 55 −26 ± 36 54.8 ± 2.1 211.7 ± 11.2 766.1 ± 25.9 11.1 ± 0.2 −2.3 ± 0.2

Insect
0–30 11 2207 ± 117 −162 ± 48 47.6 ± 4.6 163.8 ± 1.9 697.9 ± 76.7 10.4 ± 0.5 −3.0 ± 0.3

31–120 108 2105 ± 41 −154 ± 20 38.7 ± 1.6 159 ± 11.1 604.6 ± 17.3 10.8 ± 0.2 −2.5 ± 0.1
>120 122 2288 ± 38 −232 ± 16 41.5 ± 1.6 183.7 ± 10.3 629.0 ± 13.1 10.2 ± 0.1 −2.9 ± 0.1

NMD = no major disturbance, PPT = annual precipitation total, Tmax = maximum annual
temperature, Tmin = minimum annual temperature. * Relative elevation is the deviation from mean elevation
based on a stand’s latitudinal location. † Climatic variables computed from PRISM dataset [55].

2.4. Data Analyses

We relied on a chronosequence approach to approximate the relative abundance of live and
dead wood components over the course of stand development. The chronosequence method is
often employed for DWM studies due to the slow rate of change over a stand’s advancement [33].
In addition, the Intermountain West FIA program has only recently begun their second round of
annual state visits so there is a lack of repeated stand measures in the dataset. In many past studies,
DWM has been modeled as a function of stand age [2,3,56]. Quantitative descriptive comparisons
were made to compare DWM, duff, and litter loading estimates among stand development stages and
disturbance types.

The original intent of this study was to use stand age as a predictor to estimate loading of each
DWM, litter, and duff variable through a mixed-model regression approach. Initial investigation
of the dataset through examination of scatterplots and correlation coefficients revealed no linear
patterns between stand factors (structural, environmental, developmental) among each disturbance
type. Oftentimes, “ecological data are highly dimensional with nonlinear and complex interactions
among variables” [57] (p. 2738). To better assess influences on DWM loading, we used Random Forests
(RF) statistical modeling to identify and rank important variables related to loading for each DWM
size, duff, and litter category. Random forests is a nonparametric technique that utilizes classification
and regression trees (CART). This process involves constructing a combination of many trees where
each individual tree is built from bootstrap samples and leaves out approximately a third of the
dataset for validation, known as out-of-bag predictions. Each split of a tree is determined using
a randomized subset of the predictors at each node and the best split is performed. This process
continues until a tree reaches the largest possible size and is left unpruned (i.e., no more splitting
occurs). The final outcome is the average of the results of all the trees [58,59]. An RF approach enables
one to examine complex multi-order interactions and identify important predictor variables, while
gaining high-classification-accuracy output [57].

Due to the large latitudinal gradient of the stands in the dataset and in order to better compare
the influence of the variable elevation on DWM loads among stands, we fitted a polynomial regression
equation (Y = −10.242x2 + 742.83x − 10747 where x = latitude) to calculate the relative elevation for
each stand. The variable aspect was converted from field-measured degrees to radians with sine and
cosine functions applied to calculate a transformed (folded) aspect and used in the RF model runs.
When different slope aspects are compared in ecological data and aspect is to be used in quantitative
analysis, untransformed aspects are an inadequate representation of the data since, e.g., 1◦ is far from
360◦, where the numbers are different but the aspect is similar [60]. For models to determine if stand
age was an important variable, all stand ages were included and not grouped by stand development
stage. All predictor variables were continuous in nature aside from disturbance type which was
classified as a categorical variable. A description of independent variables utilized for this portion
of the analysis are in Supplementary File S1. Individual DWM size classes, duff, and litter loading
were the dependent variables. Models were built utilizing a training dataset with test proportion set to
0.2. Independent tenfold cross validation was built into model runs and the accuracy of predictors
was assessed using an independent model test set for each dependent variable and based on the
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percentage increase of the mean squared error. This measure corresponds to the difference between
the misclassification rate for the original and the permuted out-of-bag samples, averaged over all the
trees and divided by the standard deviation of the differences [58]. Overall model fit was assessed
through Pearson’s correlation coefficients. All RF models were run using the package Model Map [59]
in R v.3.3.3 [61].

3. Results

3.1. Stand Characterization

The majority of interior Douglas-fir stands sampled had no evidence of major disturbance
associated with stand history (71%), followed by stands affected by fire (17%) and insects (12%).
In terms of live volume, mature (>120 years) NMD stands had the greatest mean live total basal area
as well as the greatest mean live Douglas-fir basal area followed by mature insect-infested stands
(Table 2). Fire-affected stands had the lowest live volume of trees regardless of stand development
stage. The greatest live tree densities were found in young (0–30 years) insect-infested stands which
also contained the greatest mean live density (1008.0 trees ha−1) of interior Douglas-fir. Mature NMD
stands had the greatest live stand density index which is a proxy for indicating stand competition
based on tree size–density relationships [62]. Young fire-affected stands had the greatest mean basal
area of standing snags and interior Douglas-fir snags. These stands coincidently had the highest
mean density of total standing snags with the greatest amount of dead interior Douglas-fir (195 trees
ha−1), followed by mature fire-affected stands (Figure 3). Overall, NMD and insect-infested stands
had similar stand structure characteristics based on basal area, tree density, and stand density index,
whereas fire-affected stands regardless of stand development stage had fewer live trees and more
dead trees.

Table 2. Mean and standard error of stand characteristics for each disturbance type and development
stage. Total live and total dead refer to the cumulative amount of interior Douglas-fir and other species
within the stand composition for each stand characteristic in the table.

Stand Characteristics SAC
Disturbance Type

NMD Fire Insect
N Mean/SE N Mean/SE N Mean/SE

Total Live BA (m2 ha−1)
0–30 219 6.0 ± 0.4 207 1.5 ± 0.2 11 8.5 ± 1.8

31–120 801 23.8 ± 0.4 62 14.7 ± 1.0 108 23.7 ± 1.3
>120 400 29.0 ± 0.7 64 19.2 ± 1.5 122 26.8 ± 1.2

Total Dead BA (m2 ha−1)
0–30 219 1.9 ± 0.3 207 14.5 ± 0.8 11 3.8 ± 1.2

31–120 801 3.0 ± 0.2 62 7.9 ± 0.9 108 4.9 ± 0.7
>120 400 5.2 ± 0.3 64 10.4 ± 1.0 122 8.1 ± 0.9

Total Live trees (ha−1)
0–30 219 585.1 ± 55.5 207 82.1 ± 15.4 11 1332.4 ± 498.3

31–120 801 895.1 ± 31.4 62 268.8 ± 31.7 108 944.5 ± 108.3
>120 400 834.4 ± 32.8 64 412.3 ± 60.6 122 731.3 ± 60.8

Total Dead trees (ha−1)
0–30 219 24.8 ± 3.3 207 195.5 ± 10.7 11 57.2 ± 18.8

31–120 801 46.4 ± 2.1 62 113.9 ± 16.7 108 94.9 ± 11.2
>120 400 68.2 ± 3.6 64 126.9 ± 14.2 122 123.7 ± 12.4

QMD (cm)
0–30 219 17.3 ± 0.7 207 3.9 ± 0.4 11 6.7 ± 1.1

31–120 801 22.8 ± 0.3 62 12.0 ± 0.5 108 8.5 ± 0.3
>120 400 24.7 ± 0.5 64 12.5 ± 0.6 122 10.2 ± 0.3

SDI Live
0–30 219 54.3 ± 3.6 207 11.1 ± 1.4 11 83.6 ± 19.7

31–120 801 182.3 ± 3.3 62 103.7 ± 6.9 108 184.7 ± 8.5
>120 400 210.6 ± 4.6 64 130.7 ± 9.9 122 194.9 ± 8.3

SDI Dead
0–30 219 12.7 ± 1.6 207 99.1 ± 5.1 11 27.5 ± 8.7

31–120 801 21.0 ± 1.1 62 53.7 ± 5.6 108 35.9 ± 4.6
>120 400 35.4 ± 1.9 64 69.9 ± 6.7 122 56.2 ± 5.9

BA = basal area, NMD = no major disturbance, QMD = quadratic mean diameter, SAC = stand age class,
SDI = stand density index, SE = standard error, Trees ha−1 = trees per hectare.
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Figure 3. (A) Mean total basal area (m2 ha−1) for live and dead standing trees; (B) mean density for
the total number of live and dead trees (trees ha−1); (C) mean basal area for live and dead Douglas-fir
(m2 ha−1); (D) mean density of live and dead Douglas-fir trees (trees ha−1) grouped by disturbance
type and stand development stage. Error bars are one standard error above and below the mean.

3.2. DWM, Duff, and Litter Patterns

For NMD stands, average initial inputs of CWD into newly established stands were around
40 m3 ha−1, reflecting the remains of downed trees from previous stand legacies comprising the bulk
of CWD material (Figure 4). The first twenty years of stand development showed a slight increase in
CWD buildup before declining by half as stands progressed into the stem exclusion stage. After the
onset of the stem exclusion stage, CWD gradually increased over time through the mature stage
following a lack of disturbance-related inputs, reaching a peak mean loading of approximately 90 m3

ha−1. The overall CWD pattern resembled the “U-shaped” trajectory as described by Harmon et al.
(1986) [2]. Fine woody debris components of all size classes remained fairly constant regardless of
stand development stage.

Insect-infested stands displayed a similar pattern of DWM over the course of stand development
as found in stands with NMD, although a slight buildup of CWD material during the end period of the
stand initiation stage (20–30 years) was not detected. Overall peak loading of CWD in insect-infested
stands during the mature stage (65 m3 ha−1) was lower compared with peak loading in mature
NMD stands. The general CWD pattern in insect-infested stands also displayed a “U”-shaped form.
A gradual buildup of large fine woody debris was detected as insect-infested stands progressed
through the stem exclusion stage before leveling off in mature stands. This pattern was not seen in
large fine woody debris in NMD stands.

Stands with a history of fire disturbance displayed a markedly different DWM trajectory.
Mean loading of CWD in young fire-affected stands was much higher compared with stands with
other disturbance histories, with an initial mean loading of approximately 80 m3 ha−1. A sharper
decline in CWD was observed compared with in NMD and insect-infested stands over a similar time
period during the transition from the stand initiation to the stem exclusion stage. Two prominent
peak buildups of CWD not observed in stands with insect or NMD disturbance histories were seen in
fire-affected stands. The first peak occurred during the end of the stem exclusion stage (~100 years),
and a second peak during the middle of the mature stage (~160 years). It is likely these peaks coincide
with fire events during these periods of stand development where stand densities and volume of trees
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are at their highest, making stands more susceptible to fire in conjunction with favorable weather
conditions conducive to fire initiation and spread. Fire disturbance provides an avenue for creating a
large buildup of dead material as snag fall rates increase with time since fire. Large fine woody debris
loading and, to a lesser extent, medium fine woody debris loading also displayed a bimodal pattern
with peak loading at the onset of the stem exclusion stage and the onset of the mature stage.

Duff and litter patterns were examined in terms of carbon loading. The amount of duff and
litter loading in NMD stands followed similar patterns to that of DWM with initial large loading
of 4000 kg of duff at the onset of stand initiation followed by a peak decline in the stem exclusion
stage followed by a gradual buildup as stands progress into the mature stage (Figure 5). Carbon litter
loads remained fairly constant throughout the course of stand development. In fire-affected stands,
two prominent peaks in both duff and litter carbon loading were detected but at different stand
development stages. The first peak of mean duff carbon loading occurred in the early part of the
stem exclusion stage (~60 years), whereas peak litter carbon loading occurred at the end of the stand
initiation stage (~30 years). The second peak loading periods for both duff and litter carbon coincided
with the onset of the mature stage (~120 years). In insect-infested stands, it was found that there was a
decrease in carbon loading throughout the stand initiation stage while carbon litter loading increased
during this time. Build ups of duff carbon occurred during both stem exclusion and maturation stages
whereas a buildup of carbon litter did not occur until the mature stage.
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Figure 4. Mean and standard error of volume (m3 ha−1) for downed woody material (DWM)
components including coarse woody debris (CWD), fine woody debris small (FWDS), medium
(FWDM), and large (FWDL) across a range of stand ages for interior Douglas-fir forests with stand
histories of (A) NMD, (B) fire, and (C) insect.
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Figure 5. Stacked line graphs representing mean duff and litter carbon loading (kg) across a range
of stand age classes for (A) stands with no major disturbance, (B) fire-affected stands, and (C)
insect-infested stands.

3.3. DWM Comparisons

3.3.1. CWD

Young stands with past evidence of fire had the overall highest mean CWD loading compared
with all other stands regardless of disturbance history or stand development stage (Figure 6). In looking
at only fire-affected stands, stands in both the stem exclusion and mature stages had similar amounts
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of CWD. Young insect-infested stands had the lowest CWD loading out of all stands. Among only
insect stands, mature-stage stands had the highest mean levels of CWD loading. The highest mean
loading of CWD in NMD stands was found during the mature stage with similar loading amounts
between stand initiation and stem exclusion stages.

Figure 6. Mean volume and standard error values of coarse woody debris (CWD), fine woody debris
size classes small (FWDS), medium (FWDM), and large (FWDL), for stand disturbance types no
major disturbance (NMD) (green dots), fire (red dots), and insects (blue dots), separated by stand
development age classes for each disturbance type.

3.3.2. FWD

Mature insect-infested stands had the greatest mean FWDS loading whereas young fire-affected
stands had the least mean FWDS loading. In insect-infested stands, FWDS loading gradually increased
over the course of stand development from a low of 0.45 m3 ha−1 to a high of 0.8 m3 ha−1 (Figure 6).
In fire-affected stands, mean loading of FWDS peaked in the stem exclusion stage and decreased
in the mature stage. The smallest amount of FWDM loading was observed in young NMD stands
(2.5 m3 ha−1) (Figure 6), though overall, little variability in FWDM loading was detected among
disturbance types and stand development stages with mean FWDM loading between 2 and 4 m3 ha−1

(Figure 6). Mature fire-affected stands had the greatest mean loading of FWDL while little variation in
FWDL was detected in NMD stands among different stand development stages. Only in insect-infested
stands did mean loading of FWDL continually increase throughout stand development. As expected
based on its size, coarse woody debris accounted for the majority of the deadwood volume found in
interior Douglas-fir stands regardless of stand disturbance history and stand development stage.

3.4. Duff and Litter

In all cases, regardless of stand disturbance history, mean duff depths increased with the
progression of stand development (Figure 7). The overall mean highest duff depths were found
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in mature stands with NMD (2.5 cm) followed closely by mature insect-infested stands (2.0 cm).
Young fire-affected stands had the mean lowest duff depths and fire-affected stands had the
mean lowest duff depths at each stand development stage compared with non-fire-affected stands.
Fire-affected stands coincidently had the lowest mean litter depths for all stand development stages
compared with insect and NMD stands. Both stem exclusion and mature stage stands with NMD and
insect disturbance had higher mean litter depths compared with stands in the stem initiation stage.
Overall, mean duff and mean litter depths did not deviate substantially from one another among stand
development stages or among stands with different disturbance histories.

Figure 7. Mean depth (cm) of duff and litter for interior Douglas-fir stands stratified by disturbance
types no major disturbance (NMD) (green dots), fire (red dots), and insects (blue dots) across stand
development age classes for each disturbance type.

3.5. Variables of Importance Influencing DWM, Litter, and Duff

The top three variables of importance predicated by the RF model for CWD loading were stand
age (STDAGE), stand density index dead (SDI_dead), and total density of dead trees per hectare
(TPHSNAGTOT) (Figure 8). The Pearson’s correlation coefficient for model fit was 0.44 (Table 3)
suggesting a modest overall fit. For the top predictor stand age, this result was consistent with
what was observed when CWD loading was averaged over stand development stages. Aside from
fire-disturbed stands, the amount of CWD increased on average in both stands with NMD and
insect-infested stands as stands developed over time (Figure 6). Young fire-affected stands, which had
the highest dead stand density index, also had the highest mean CWD loading. A three-dimensional
interaction plot revealed the relationships between the top two predictors of importance and CWD
loading (Figure 9). Both stand age and SDI_dead had a slight negative relationship with CWD loading
up to approximately stand age 50 and SDI_dead index of 100. Above these levels, there appears to
be little to no relationship between these predictors on CWD loading. Similar to the results for CWD,
stand age and total live trees per hectare were also found to be of most importance for FWDL with
live Douglas-fir basal area being the second most important predictor variable. For the smaller DWM
components FWDM and FWDS, stand density index live and density of live Douglas-fir were found to
be most important for both DWM categories, though the FWDS had a stronger model fit (R2 = 0.45)
compared with FWDM (R2 = 0.29).
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Figure 8. Variable of importance plot displaying ranked importance of predictor variables from random
forest classifications used to predict each DWM response category for interior Douglas-fir stands
throughout the Intermountain West, USA. Due to the continuous nature of the response variables,
model ranking of the importance of predictor variables is delineated by the percent increase in mean
square error (%MSE). Higher percent MSE values indicate variables that are more important to the
classification. Variable codes are defined in Supplementary File S1.

Table 3. Random forest model validation results including regression equations for each DWM, duff,
and litter response variable of interest.

Variable RMSD Pearson’s Correlation Coefficient Model Regression Equation

CWD 53.5 0.44 Y = 1.02(x) + −3.86
FWDS 0.46 0.45 Y =1.12(x) + −0.06
FWDM 2.72 0.29 Y = 1.15(x) + −0.53
FWDL 12.04 0.27 Y = 1.22(x) + −1.99

Duff Depth 1.43 0.43 Y = 0.92(x) + 0.01
Litter Depth 1.27 0.31 Y = 0.85(x) + 0.23

Duff Loading 5463 0.35 Y = 0.88(x) + 308.8
Litter Loading 2140.91 0.29 Y = 0.81(x) + 465.6

CWD = coarse woody debris, FWDS = fine woody debris size small, FWDM = fine woody debris size medium,
FWDL = fine woody debris size large, RMSD = root-mean-square deviation. Model regression equation:
Y = response variable, x = predictor variable. Note: duff and litter loading reported as carbon estimates as opposed
to direct volume estimates.
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Figure 9. Three-dimensional interaction plot showing the relationship between the top two predictors
from random forest model stand age and stand density index dead (SDI_dead) on CWD loading. The
vertical axis is the fitted values for CWD loading.

Disturbance was recognized as a top predictor variable for duff depth with stand structure
components quadratic mean diameter and density of live Douglas-fir also identified as important
(Figure 10). Both quadratic mean diameter and total live tree density were also identified as strong
predictor variables for duff carbon loading. For litter depth and litter carbon loading, live Douglas-fir
basal area and stand age were recognized as the top two predictors.

Figure 10. Variable of importance plot displaying ranked importance of predictor variables from
random forests classifications used to predict each duff and litter response category for interior
Douglas-fir stands throughout the Intermountain West, USA. Due to the continuous nature of the
response variables, model ranking of the importance of predictor variables is delineated by the
percent increase in mean square error (%MSE). Higher percent MSE values indicate variables that
are more important to the classification. Both duff and litter carbon were based on loading estimates.
Variable codes are defined in Supplementary File S1.
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4. Discussion

The impetus for carrying out this project was to continue novel explorations of the relatively
new national FIA DWM dataset as encouraged by previous researchers [63]. As mentioned earlier,
a great deal of work has been focused on CWD dynamics in coastal Douglas-fir forests which tend
to have higher productivity and stand longevity, and growth rates that are influenced by a moister
climate regime. To our knowledge, this is one of the first studies to take a detailed look at not only
CWD but FWD, duff, and litter trends in interior Douglas-fir forests, as well as the important factors
that govern DWM in these forests. The results from our study support the framework that DWM
and CWD in particular have an initial residual loading following disturbance, then a reduction as
stand development is reinitiated, before accumulating over time as stands mature which has been
observed in other forest chronosequence studies [3,33,64]. However, the peaks and timings of the
development of CWD are markedly different among stands affected by fire and stands with NMD or
insect disturbance.

4.1. Stand Development

The RF model approach enabled us to compare a suite of environmental, structural,
developmental, and disturbance attributes to determine which factors were most likely important for
influencing DWM, duff, and litter loading in interior Douglas-fir forests. Stand age was recognized
as the most important variable for determining CWD. Stand age can be considered a proxy for stand
development stage. A conceptual framework for CWD patterns over the course of stand development,
described in [2,61,65], has been widely accepted. In the early period of stand development, the amount
of DWM and, in particular, CWD is dictated by individual stand histories [3] and driven in large part
by the preceding stand’s senescence and ultimately stand-replacing disturbance event. Pre-disturbance
debris, disturbance-generated CWD, and residual standing trees contribute to an initial loading of
CWD into a newly formed stand [66], with the amounts of CWD generated related to the disturbance
type (e.g., fire, insect, disease) and intensity [66,67]. Looking at the temporal trends in our dataset
separated by disturbance type, young stands following fire had a CWD load almost twice that of
young stands with no major disturbance or young stands that were infested by insects. Fire creates a
large number of standing snags that are key inputs to the initial CWD reservoir in newly established
stands [33]. As stands progress from stand initiation towards the stem exclusion stage, decay dynamics
and lack of standing dead trees limit the availability of DWM inputs. This leads to a net decline
in CWD as stands move through the stem exclusion and into the mature stage of development as
measured in coastal Douglas-fir [3], Douglas-fir-western-hemlock (Tsuga heterophylla (Raf.) Sarg.) [64],
and other forest types [65]. In the absence of disturbance, stand density and self-thinning rates
regulate tree mortality [68,69] which dictates future deposits of CWD. In coastal Douglas-fir forests of
Washington and Oregon, USA, Spies and Cline (1988) [70] reported the mean volume of deadwood to
be 423 m3 ha−1 for young stands (age 65), 250 m3 ha−1 for mature stands (age 120), and 534 m3 ha−1

for old growth stands (age 404). Although our stand development stage cutoffs were slightly different,
and we did not have any comparative old growth stands (i.e., stands 400 years or greater), the mean
loading of CWD in interior Douglas-fir stands was much lower. The mean highest CWD load for
our study was only 80 m3 ha−1. Others have found that in the coniferous forests of Northwest USA,
the volume of logs ranges from 77 to 346 m3 ha−1 [3], which is greater than that in interior Douglas-fir
forests. Our results for CWD, FWDM, duff, and litter were more aligned with the work in [33] where it
was found that the minimum total live and dead volume appears to occur by age 30–40, after which
there appears to be a steadily increasing volume of the standing and downed CWD. In their study
they found that peak mean CWD loading was approximately 60 m3 ha−1, similar to our results when
averaged among all disturbance types.

Fine woody material loading remained relatively constant throughout stand development for all
disturbance types with input and output rates based on chronosequences fairly equal. Stand age was
not identified through RF models as an important variable related to any fine woody debris category
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aside from FWL. The larger fine woody debris fuels are often related to branches that become detached
during snag fall or wind events and are found distributed in close proximity to standing dead trees
or fallen snags. The one notable change in fine woody material was with FWDS where we found
this material to be in mean lowest abundance in young stands. In young fire-affected stands, FWDS
loading was twice as low compared with the other stand development stages. This material is typically
more susceptible to burning compared with larger size classes due to its larger surface-area-to-volume
ratios which can increase surface fire rates of spread [71]. Furthermore, young trees have yet to reach
the point where canopy closure results in the shading of neighboring branches which can lead to
self-pruning of lower branches that do not receive sufficient light to maintain photosynthesis [52].
During the stand initiation stage, the lack of canopy competition precludes self-thinning which can be
an important source of FWM in a stand. As expected, duff and litter depths were found to be lowest in
young stands regardless of past stand history. The lack of a developed canopy leads to reduced inputs
of litter that in turn create less accumulation of litter which eventually becomes incorporated into the
duff layer as needles decompose over time.

4.2. Stand Structure

A consistent variable type that was identified through RF model runs as important for DWM
loading of all size classes, duff, and litter components was structure (e.g., basal area, density, stand
density index). For the largest size classes CWD and FWDL, dead structural components including
stand density index dead and total snag basal area were ranked as the top most important variables
in determining estimates of loading. Although RF models cannot definitively state that the variables
of most importance are the most correct factors for determining CWD loading, the RF results do
relate logically to ecological processes observed in forests concerning deadwood. The majority of
CWD pieces encountered on the forest floor are tree boles, large branches, and broken tops related to
decreased structural integrity of standing deadwood. Wind, ice, root rot pockets, and other events
increase snag fall rates in which snags become incorporated into the DWM fuel complex.

For smaller-diameter DWM, live structural features were found to be of most importance (e.g., live
Douglas-fir basal area, live Douglas-fir density). Fine woody material comprising mostly twigs
and small branches results from other sources aside from dead trees such as self-thinning, crown
lift, and inter-tree competition associated with stand development. The highest mean FWDS and
FWDM loads were detected in stands in the stem exclusion or mature stage where tree competition is
most evident.

4.3. Disturbance

Contrary to our hypotheses, large disturbance events were not identified as an important factor
influencing DWM dynamics and were found to be the top influential variable only for estimating
litter and duff depths. Based on our data it is implied that frequent smaller-scale disturbance within a
stand regulates structure over time compared to large stand-replacing events. In terms of litter depths,
litter is the smallest fuel size class that was included for analysis and is often the primary carrier of
surface fire. Litter depth was found to be lowest in fire-affected stands across all stand development
stages compared with stands with no disturbance and insect-infested stands. Duff depths were
also lowest in young stands with past fire history. It has been found that smoldering combustion
is a major cause of duff depletion following fire [72]. In the more arid Intermountain West forests,
duff accumulation can be slow to build up over time due to slower decomposition rates compared
to more mesic types of forests and this is reflected in the low duff depths found in young interior
Douglas-fir stands. Mature insect-infested stands are often most susceptible to DFB, a primary pest in
Douglas-fir. It has been shown there is a 1–5 year window after successful beetle infestations where
litter buildup proceeds following a period of needle release [29,30]. Mature insect stands had some of
the highest mean litter depths. Only young fire-affected stands which had the mean highest amount
of CWD material out of all stand disturbance types and age classes showed an effect of disturbance
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in regard to increased DWM loading. NMD stands had on average more CWD compared with plots
infested by insects, and mature NMD stands had on average more CWD compared with mature stands
with fire. Disturbance was ranked low as a predictor for DWM aside from FWDS where it was still
ranked below live stand structural components including stand density index, basal area, and tree
density, and was identified to be influential for only litter and duff depths. These results suggest stand
structure and development have stronger influences over DWM loading in interior Douglas-fir stands
than disturbance.

The majority of stands used for analysis were not classified with disturbance at the time of
sampling. As our stands represent a broad range of interior Douglas-fir across the Intermountain West,
USA, it can be inferred that most stands at the present time are following the NMD DWM trajectory.
Oftentimes, disturbances are patchy in nature and only affect a portion of a stand [2]. Fire is a dominant
disturbance where interior Douglas-fir forests are characterized as having a mixed-severity fire regime,
experiencing natural fires across severity levels that range from low to medium to high [29,36], and with
variable fire return intervals that span 30–100 years or more [73]. Across the landscape, even-age forest
structures are most common where stand-replacing fires are prevalent, and interspersed between
these even-age patches are uneven-aged stands where frequent surface fires are dominant [74,75].
Where high-severity fires are prevalent, a buildup of CWD is expected and becomes legacy components
of newly established stands. Low-severity fires are mostly confined to the forest floor, consuming dead
branches, twigs, needles, cones, grasses, herbaceous vegetation, and with little to no mortality of live
standing vegetation limiting the amount of CWD inputs through snag fall [76].

In the Intermountain West, USA, interior Douglas-fir ordinarily does not experience high rates
of mortality due to insects or disease [33]. However, during the past decade, insects have become
increasingly active in Douglas-fir forests, with an area disturbed by insects currently estimated at
0.9 million hectares [77]. DFB is the most prominent bark beetle that utilizes interior Douglas-fir
exclusively [78,79]. Where Douglas-fir are the uniform dominant overstory component, past
logging and fire history often create mosaics in which Douglas-fir oscillates in age and density [80].
Consequently, the varied age and size classes do not necessarily meet conditions that warrant
epidemic outbreaks, and mortality centers become confined to small groups of trees to a few hectares
infested [30,81]. However, under certain conditions, drought coupled with a supply of recently downed
trees can facilitate the development of DFB populations from endemic into epidemic levels where
upwards of hundreds of hectares can become infested [82]. Following a bark beetle infestation, there is
often a delayed DWM response compared to fire. With fire, and especially high-severity crown fires,
an instant reduction in fine fuel volume is observed through direct combustion of needles, twigs within
tree crowns, and litter on the forest floor. With bark-beetle-infested stands, a lag period of 3–5 years in
litter accumulation and as well as FWDS material typically coincides with the time it takes for infested
trees to shed their needles following tree mortality [81]. Even in infested stands, the buildup of DWM
is not necessarily to be greater than levels in non-infested stands. In a study comparing DWM in
non-infested and DFB-killed forests in the Greater Yellowstone Ecosystem, USA, significant changes to
surface fuels were few aside from an increase in CWD fuels during the silver stage (25–30 years) post
infestation [29]. Where stands are affected by disturbance, the individual stands may see an increase in
DWM as these stands continue to develop, but the overall mean loading of the deadwood may not
necessarily be any greater compared to similar stands without disturbance.

4.4. Environmental Metrics

Environmental variables were found to not be important, which did not support our hypothesis
that precipitation would be an important factor for estimating DWM. It has been shown by
others [33,83] that environmental site characteristics such as temperature and precipitation strongly
regulate site productivity which influences stand structure and, ultimately, deadwood dynamics.
This type of study looks at range of forest types over large elevational and latitudinal ranges. Although
interior Douglas-fir encompasses a large geographic distribution, when evaluated in terms of elevation
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and latitude, specific precipitation and temperature gradients were quite similar. At the lowest
latitudes, interior Douglas-fir occupies cool, moist, high-elevation, north-facing slopes, for example,
in the Santa Catalina Mountains of Arizona, USA, Douglas-fir is the dominant conifer species above
2450 m [84] and their distribution is limited by precipitation. The climate at these locales will be
more similar to that for stands at higher latitudes which occupy lower-elevation warmer sites where
distribution is limited by temperature [85]. Stands utilized for this analysis had a narrow mean max
temperature range (10.2–11.6 ◦C) and a precipitation regime that varied by 100 mm.

One important process intrinsically tied to DWM and litter dynamics is decay. Environment plays
a role in decay dynamics where temperature, moisture, and aeration along with substrate quality
affect the rates of wood decay [67]. In cold or dry environments typical of the Intermountain West,
biological decay is limited, which allows for the accumulation of plant debris [7]. Numerous past
studies have explored the relationship of different species and conditions that regulate decay and the
release of carbon and nutrients back into forests. To our knowledge, no study to date has tracked
the decay rates of interior Douglas-fir, but studies have looked at decay rates of coastal Douglas-fir
where it was found to be 0.10/year (k decay constant) [14]. These coastal Douglas-fir forests are much
wetter compared with interior Douglas-fir forests. It is likely that CWD of a similar size class in drier
interior Douglas-fir forests could have twice the decay time as their counterparts towards the coast.
We recognize that individual stand histories i.e., disturbance as well as local site factors such as climate,
slope position, and stand composition collectively influence DWM dynamics in a stand. Furthermore,
direct assessments of deposition and depletion of DWM, litter, and duff material can only accurately
be gained from repeated measurements in each sampled stand. At this current time, there is a lack of
repeated site visits (FIA interior West program has recently just begun stand re-measurements); with
future repeated measurements of DWM material, the FIA data records could seemingly be used as a
surrogate for determining future DWD populations [85] and can be a tool for gaining better insight
into decay, depletion, and accretion rates in these drier Douglas-fir forests. The intent of this study was
not to define decay rates but to assess the general patterns of DWM, duff, and litter that currently exist
across the interior Douglas-fir landscape. We feel the use of a chronosequence approach was most
appropriate for estimating DWM patterns in interior Douglas-fir across the landscape based on our
large sample size representing a geographically diverse area of this species.

4.5. Future Research Needs

We have identified research gaps which could further contribute to our understanding of DWM
dynamics in interior Douglas-fir forests. Below is a list of proposed future research needs.

• Calculate carbon source and sinks in relation to DWM inputs and depletion in interior
Douglas-fir stands;

• Utilize repeated data measurements from future inventory collections to see how individual
stands are changing over time;

• Initiate long-term decay studies of CWD in cooler, drier interior Douglas-fir stands to see how
they relate to coastal Douglas-fir decay dynamics.

5. Conclusions/Management Implications

This study demonstrates that the primary drivers of DWM loading in interior Douglas-fir forests
are more related to minor disturbance such as tree mortality, endemic insect infestations, and individual
blowdowns, as well as competition during stand development which influences stand structure, than
to large episodic disturbance events. Large deadwood components were found to be most closely
associated with the amount of dead material in the stand, primarily the dead stand density and basal
area of snags. Fine woody fuels were more aligned with live stand components, while duff and litter
were more affected by disturbance. While large disturbances were not found to be an important
contributor to DWM estimates, we were able to demonstrate that different disturbance histories can
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affect DWM, duff, and litter patterns over the course of stand development. Although disturbance
can lead to elevated levels of DWM, especially CWD and particularly in young stands following fire
disturbance, levels of DWM might actually be greater in stands with no major disturbance. Due to its
significance for ecosystem health and functioning, increasing efforts have been made to manage DWM
as an important habitat and carbon storage component of forest ecosystems [86].

The results from our project are useful for forest managers to determine where their current interior
Douglas-fir stands are in terms of DWM loading, and what to expect under different disturbance
scenarios for the future DWM states of their forests. This information is helpful for a variety of forest
planning processes from assessing wildlife habitat suitability, to identifying carbon source and sinks,
as well as making hazardous fuels assessments. We acknowledge that the results from our work are
most applicable to the Intermountain West, USA, yet the broad implications from our findings could
be useful for Douglas-fir systems in other regions.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/9/8/503/s1.
Table S1: Variable names and units used for RF model runs and calibration used in the analyses.

Author Contributions: A.D.G. was involved with the study design, data analysis, and is the primary author of
the manuscript. J.D.S. was involved with study design development, dataset assembly, assisted with data analysis,
and contributed to the writing process for the manuscript.

Funding: This research received no external funding for this study.

Acknowledgments: This research was supported by the USDA Forest Service Interior West Forest Inventory
and Analysis Program. We thank data collection team members for all data collection activities. We greatly
appreciate the input of Paul Patterson and Liz Freeman with their feedback in regards to the statistical methods
used in this project. We also thank the anonymous reviewers for their suggestions to improve this manuscript.
This manuscript was prepared by employees of the U.S. Forest Service as part of official duties and is therefore in
the public domain.

Conflicts of Interest: The authors declare no conflict of interest in preparation of this manuscript. The funding
sponsor for data collection is the USDA Forest Service Forest Inventory Analysis group. This manuscript was
prepared by a USDA Forest Service analyst and data collection team member as part of official Forest Service duties.

References

1. Graham, R.T.; Harvey, A.E.; Jurgensen, M.F.; Jain, T.B.; Tonn, J.R.; Page-Dumroese, D.S. Managing
Coarse Woody Debris in Forests of the Rocky Mountains; Research Paper INT-RP-477; USDA Forest Service,
Intermountain Research Station: Ogden, UT, USA, 1994; p. 12.

2. Harmon, M.E.; Franklin, J.F. Ecology of coarse woody debris in temperate ecosystems. Adv. Ecol. Res. 1986,
34, 59–234. [CrossRef]

3. Spies, T.A.; Franklin, J.F.; Thomas, T.B. Coarse woody debris in Douglas-fir forests of western Oregon and
Washington. Ecology 1988, 69, 1689–1702. [CrossRef]

4. Woodall, C.W.; Liknes, G.C. Climatic regions as an indicator of forest coarse woody and fine woody debris
carbon stocks in the United States. Carbon Balance Manag. 2008, 3. [CrossRef] [PubMed]

5. Norden, B.; Ryberg, M.; Gotmark, F.; Olausson, B. Relative importance of course and fine woody debris for
diversity of wood-inhabiting fungi in temperate broadleaf forests. Biol. Conserv. 2004, 117, 1–10. [CrossRef]

6. Stephens, S.L.; Moghadas, J.J. Fuel treatment effects on snags and coarse woody debris in a Sierra Nevada
mixed conifer forest. For. Ecol. Manag. 2005, 214, 53–64. [CrossRef]

7. Brown, J.K.; Reinhardt, E.D.; Kramer, K.A. Coarse Woody Debris: Managing Benefits and Fire Hazard in the
Recovering Forest; General Technical Report RMRS-GTR-105; USDA Forest Service, Rocky Mountain Research
Station: Ogden, UT, USA, 2003; p. 16.

8. Reynolds, R.T.; Graham, R.T.; Reiser, M.H. Management Recommendations for the Northern Goshawk in the
Southwestern United States; General Technical Report RM-217; USDA Forest Service, Rocky Mountain Forest
and Range Experiment Station: Fort Collins, CO, USA, 1992; p. 90.

9. Freedman, B.; Zelazny, V.; Beaudette, D.; Fleming, T.; Flemming, S.; Forbes, G.; Gerrow, J.S.; Johnson, G.;
Woodley, S. Biodiversity implications of changes in the quantity of dead organic matter in managed forests.
Environ. Rev. 1996, 4, 238–265. [CrossRef]

http://www.mdpi.com/1999-4907/9/8/503/s1
http://dx.doi.org/10.1016/S0065-2504(03)34002-4
http://dx.doi.org/10.2307/1941147
http://dx.doi.org/10.1186/1750-0680-3-5
http://www.ncbi.nlm.nih.gov/pubmed/18541029
http://dx.doi.org/10.1016/S0006-3207(03)00235-0
http://dx.doi.org/10.1016/j.foreco.2005.03.055
http://dx.doi.org/10.1139/a96-013


Forests 2018, 9, 503 22 of 25

10. Laiho, R.; Prescott, C.E. The contribution of coarse woody debris to carbon, nitrogen, and phosphorous
cycles in three Rocky Mountain coniferous forests. Can. J. For. Res. 1999, 29, 1592–1603. [CrossRef]

11. Grier, C.C.; Vogt, K.A.; Keyes, M.R.; Edmonds, R.L. Biomass distribution and above and below-ground
production in young and mature Abies amabilis zone ecosystems of the Washington Cascades. Can. J. For. Res.
1981, 11, 155–167. [CrossRef]

12. Jurgensen, M.F.; Harvey, A.E.; Graham, R.T.; Page-Dumroese, D.S.; Tonn, J.R.; Larsen, M.J.; Jain, T.B. Impacts
of timber harvesting on soil organic matter, nitrogen, productivity, and health of inland northwest forests.
For. Sci. 1997, 43, 234–251.

13. Hagan, J.M.; Grove, S.L. Coarse woody debris: Humans and nature competing for trees. J. For. 1999, 97, 6–11.
14. Sollins, P.; Cline, S.P.; Verhoeven, T.; Sachs, D.; Spycher, G. Patterns of log decay in old-growth Douglas-fir

forests. Can. J. For. Res. 1987, 17, 1585–1595. [CrossRef]
15. Harmon, M.E.; Hua, C. Coarse woody debris dynamics in two old-growth ecosystems. BioScience 1991,

41, 604–610. [CrossRef]
16. Hermann, S.; Bauhus, J. Comparison of methods to quantify respirational carbon loss of coarse woody debris.

Can. J. For. Res. 2008, 38, 2738–2745. [CrossRef]
17. Smock, L.A.; Metzler, G.M.; Gladden, J.E. Role of debris dams in the structure and function of low-gradient

headwater streams. Ecology 1989, 70, 764–775. [CrossRef]
18. Andrews, P.L.; Bevins, C.D.; Seli, R.C. BehavePlus Fire Modeling System Version 4.0 Users Guide; General

Technical Report RMRS-GTR-106; USDA Forest Service Rocky Mountain Research Station: Ogden, UT, USA,
2005; p. 132.

19. Lutes, D.C.; Keane, R.E.; Caratti, J.F. A surface fuel classification for estimating fire effects. Int. J. Wildland Fire
2009, 18, 802–814. [CrossRef]

20. Kruys, N.; Jonsson, B.G. Fine woody debris is important for species richness on logs in managed boreal
spruce forests of northern Sweden. Can. J. For. Res. 1999, 29, 1295–1299. [CrossRef]

21. Facelli, J.M.; Pickett, S.T.A. Plant litter: Its dynamics and effects on plant community structure. Bot. Rev.
1991, 57, 1–32. [CrossRef]

22. Agee, J.K. Prescribed Fire Effects on Physical and Hydrologic Properties of Mixed-Conifer Forest Floor and
Soil. Ph.D. Dissertation, University of California, Berkeley, CA, USA, 1973.

23. Potts, D. Water potential of forest duff and its possible relationship to regeneration success in the northern
Rocky Mountains. Can. J. For. Res. 1984, 15, 464–468. [CrossRef]

24. Hille, M.G.; Stephens, S.L. Mixed conifer forest duff consumption during prescribed fires: Tree crown
impacts. For. Sci. 2005, 51, 417–424.

25. Keane, R.E.; Burgan, R.; van Wagtendonk, J. Mapping wildland fuels for fire management across multiple
scales: Integrating remote sensing, GIS, and biophysical modeling. Int. J. Wildland Fire. 2001, 10, 301–319.
[CrossRef]

26. Maser, C.; Trappe, J.M. The Seen and Unseen World of the Fallen Tree; General Technical Report RMRS-PNW-164;
USDA Forest Service Pacific Northwest Research Station, USDA Forest Service: Washington, DC, USA,
1984; p. 56.

27. Jonsson, B.G.; Kruys, N. Ecology of coarse woody debris in boreal forests: Future research directions.
Ecol. Bull. 2001, 49, 279–281. Available online: http://www.jstor.org/stable/20113284 (accessed on
3 November 2017).

28. Barker, J.S. Decomposition of Douglas-fir coarse woody debris in response to differing moisture content and
initial heterotrophic colonization. For. Ecol. Manag. 2008, 255, 598–604. [CrossRef]

29. Donato, D.C.; Harvey, B.J.; Romme, W.H.; Simard, M.; Turner, M.G. Bark beetle effects on fuel profiles
across a range of stand structures in Douglas-fir forests of Greater Yellowstone. Ecol. Appl. 2013, 23, 3–20.
[CrossRef] [PubMed]

30. Giunta, A.D.; Jenkins, M.J.; Hebertson, E.G.; Munson, A.S. Disturbance agents and their associated effects on
the health of interior Douglas-fir forests in the central Rocky Mountains. Forests 2016, 7, 80. [CrossRef]

31. McMillin, J.D.; Allen, K.K. Impacts of Douglas-Fir Beetles on Overstory and Understory Conditions of Douglas-fir
Stands; General Technical Report R2-64; USDA Forest Service, Rocky Mountain Research Station: Golden,
CO, USA, 2000; p. 17.

http://dx.doi.org/10.1139/x99-132
http://dx.doi.org/10.1139/x81-021
http://dx.doi.org/10.1139/x87-243
http://dx.doi.org/10.2307/1311697
http://dx.doi.org/10.1139/X08-115
http://dx.doi.org/10.2307/1940226
http://dx.doi.org/10.1071/WF08062
http://dx.doi.org/10.1139/x99-106
http://dx.doi.org/10.1007/BF02858763
http://dx.doi.org/10.1139/x85-074
http://dx.doi.org/10.1071/WF01028
http://www.jstor.org/stable/20113284
http://dx.doi.org/10.1016/j.foreco.2007.09.029
http://dx.doi.org/10.1890/12-0772.1
http://www.ncbi.nlm.nih.gov/pubmed/23495632
http://dx.doi.org/10.3390/f7040080


Forests 2018, 9, 503 23 of 25

32. Hummel, S.; Agee, J.K. Western spruce budworm defoliation effects on forest structure and potential fire
behavior. Northwest Sci. 2003, 77, 159–169. Available online: http://hdl.handle.net/2376/807 (accessed on
7 February 2016).

33. Garbarino, M.; Marzano, R.; Shaw, J.D.; Long, J.N. Environmental drivers of deadwood dynamics in
woodlands and forests. Ecosphere 2015, 6, 1–24. [CrossRef]

34. Montes, F.; Canellas, I. Modeling coarse woody debris dynamics in even-aged Scots pine
forests. For. Ecol. Manag. 2006, 221, 220–232. [CrossRef]

35. Bailey, R.G. Descriptions of the Ecoregions of the United States; Miscellaneous Publication Paper 1391; USDA
Forest Service: Washington, DC, USA, 1980; p. 77.

36. Simard, S.W. The foundational role of mycorrhizal networks in self-organization of interior Douglas-fir
forests. For. Ecol. Manag. 2009, 258, 95–107. [CrossRef]

37. Meidinger, D.; Pojar, J. Ecosystems of British Columbia; British Columbia Ministry of Forests: Victoria, BC,
Canada, 1991; p. 330. Available online: http://www.for.gov.bc.ca/hfd/pubs/Docs/Srs/SRseries.htm
(accessed on 3 February 2017).

38. Bigler, C.; Kulakowski, D.; Veblen, T.T. Multiple disturbance interactions and drought influence fire severity
in Rocky Mountain subalpine forests. Ecology 2005, 86, 3018–3029. [CrossRef]

39. McCullough, D.G.; Werner, R.A.; Neumann, D. Fire and insects in northern and boreal forest ecosystems of
North America. Annu. Rev. Entomol. 1998, 43, 107–127. [CrossRef] [PubMed]

40. Shaw, J.D.; Steed, B.E.; DeBlander, L.T. Forest Inventory and Analysis (FIA) Annual Inventory Answers the
Question: What Is Happening to Pinyon-Juniper Woodlands? J. For. 2005, 103, 280–285.

41. Bechtold, W.A.; Patterson, P.L. Forest Inventory and Analysis National Sample Design and Estimation Procedures;
USDA Forest Service General Technical Report, SRS-GTR-80; USDA Forest Service: Washington, DC,
USA, 1991.

42. Woodall, C.W.; Nagel, L.M. Downed woody fuel loading dynamics of a large-scale blowdown in northern
Minnesota, U.S.A. For. Ecol. Manag. 2007, 15, 194–199. [CrossRef]

43. O’Connell, B.M.; Conkling, B.L.; Wilson, A.M.; Burrill, E.A.; Turner, J.A.; Pugh, S.A.; Christensen, G.;
Ridley, T.; Menlove, J. The Forest Inventory and Analysis Database: Database Description and User Guide for Phase
2 (Version 6.1.1); USDA Forest Service: Washington, DC, USA; p. 870. Available online: http://www.fia.fs.
fed.us/library/database-documentation/ (accessed on 7 February 2017).

44. Interior West, Forest Inventory and Analysis P2 Field Procedures Manual, v7.00; United States Department
of Agriculture, Forest Service, Rocky Mountain Research Station: Ogden, UT, USA; p. 436. Available
online: https://www.fs.fed.us/rm/ogden/data-collection/pdf/P2%20Manual_70_Feb2sm.pdf. (accessed
on 11 August 2018).

45. Waddell, K.L. Sampling coarse woody debris for multiple attributes in extensive resource inventories.
Ecol. Indic. 2002, 1, 139–153. [CrossRef]

46. Woodall, C.W.; Williams, M.S. Sampling Protocol, Estimation, and Analysis Procedures for Down Woody Materials
Indicator of the FIA Program; Gen. Tech. Rep. NC-256; Department of Agriculture, Forest Service, North
Central Research Station: St. Paul, MN, USA, 2005; p. 47.

47. Eidenshink, J.; Schwind, B.; Brewer, K.; Zhu, Z.; Quayle, B.; Howard, S. A project for monitoring trends in
burn severity. Fire Ecol. 2007, 3, 3–21. [CrossRef]

48. Hood, S.; Bentz, B. Predicting postfire Douglas-fir beetle attacks and tree mortality in the northern Rocky
Mountains. Can. J. For. Res. 2007, 37, 1058–1069. [CrossRef]

49. Harvey, B.J.; Donato, D.C.; Romme, W.H.; Turner, M.G. Influence of recent bark beetle outbreak on fire
severity and postfire tree regeneration in montane Douglas-fir forests. Ecology 2013, 94, 2475–2486. [CrossRef]
[PubMed]

50. Oliver, C.D. Forest development in North America following major disturbances. For. Ecol. Manag. 1981,
3, 153–168. [CrossRef]

51. White, P.S.; Pickett, S.T.A. Natural disturbance and patch dynamics: An introduction. In The Ecology of
Natural Disturbance and Patch Dynamics; Academic Press: Orlando, FL, USA, 1985; pp. 3–13.

52. Oliver, C.D.; Larson, B.C. Overview of Stand Development Patterns. In Forest Stand Dynamics, Update ed.;
John Wiley & Sons, Inc.: New York, NY, USA, 1996; pp. 145–167.

http://hdl.handle.net/2376/807
http://dx.doi.org/10.1890/ES14-00342.1
http://dx.doi.org/10.1016/j.foreco.2005.10.019
http://dx.doi.org/10.1016/j.foreco.2009.05.001
http://www.for.gov.bc.ca/hfd/pubs/Docs/Srs/SRseries.htm
http://dx.doi.org/10.1890/05-0011
http://dx.doi.org/10.1146/annurev.ento.43.1.107
http://www.ncbi.nlm.nih.gov/pubmed/15012386
http://dx.doi.org/10.1016/j.foreco.2007.04.040
http://www.fia.fs.fed.us/library/database-documentation/
http://www.fia.fs.fed.us/library/database-documentation/
https://www.fs.fed.us/rm/ogden/data-collection/pdf/P2%20Manual_70_Feb2sm.pdf.
http://dx.doi.org/10.1016/S1470-160X(01)00012-7
http://dx.doi.org/10.4996/fireecology.0301003
http://dx.doi.org/10.1139/X06-313
http://dx.doi.org/10.1890/13-0188.1
http://www.ncbi.nlm.nih.gov/pubmed/24400499
http://dx.doi.org/10.1016/0378-1127(80)90013-4


Forests 2018, 9, 503 24 of 25

53. Peterson, C.S.; Speth, L.E. A History of the Wasatch-Cache National Forest. Utah State University. 1980.
Available online: http://www.fs.usda.gov/Internet/FSE_DOCUMENTS/stelprdb5053310.pdf (accessed on
11 August 2018).

54. Hermann, R.K.; Lavendar, D.P. Pseudotsuga menziesii (Mirb.) Franco Douglas-fir; Silvics of North American
Conifers; Burns, R.M., Honkala, B.H., Eds.; USDA, Forest Service: Washington, DC, USA, 1990; Volume 1,
pp. 527–540.

55. Daly, C.; Halbleib, M.; Smith, J.I.; Gibson, W.P.; Doggett, M.K.; Taylor, G.H.; Curtis, J.; Pasteris, P.P.
Physiographically sensitive mapping of climatological temperature and precipitation across the
conterminous United States. Int. J. Climot. 2008, 28, 2031–2064. [CrossRef]

56. McCarthy, B.C.; Bailey, R.R. Distribution and abundance of coarse woody debris in a managed forest
landscape of the central Appalachians. Can. J. For. Res. 1994, 24, 1317–1329. [CrossRef]

57. Cutler, D.R.; Edwards, T.C.; Beard, K.H.; Cutler, A.; Hess, K.T.; Gibson, J.; Lawler, J.J. Random Forests for
Classification in Ecology. Ecology 2007, 88, 2783–2792. [CrossRef] [PubMed]

58. Oliveiera, S.; Friderike, O.; San-Miguel-Ayanz, J.; Camia, A.; Pereria, J.M.C. Modeling spatial patterns of fire
occurrence in Mediterranean Europe using multiple regression and random forest. For. Ecol. Manag. 2012,
275, 117–129. [CrossRef]

59. Freeman, E.A.; Frescino, T.S.; Moisen, G.G. ModelMap: An R Package for Model Creation and Map Production;
United States Department of Agriculture, Forest Service, Rocky Mountain Research Station: Ogden, UT,
USA, 2012; pp. 1–85.

60. McCune, B.; Mefford, M.J. PC-ORD: Multivariate Analysis of Ecological Data. Version 6; Oksanen, J., Ed.;
Multivariate Analysis of Ecological Communities in R: Vegan Tutorial; MjM Software: Lincoln County,
OR, USA, 2015; Available online: http://cc.oulu.fi/~jarioksa/opetus/metodi/vegantutor.pdf. (accessed on
11 August 2018).

61. R Development Core Team. R: A Language and Environment for Statistical Computing, Version 3.3.3; R
Foundation for Statistical Computing: Vienna, Austria, 2013; Available online: http:/www.R-project.org/
(accessed on 1 December 2017).

62. Shaw, J.D. Reineke’s Stand Density Index: Where are we and where do we go from here? In Proceedings of
the Society of American Foresters 2005 National Convention, Ft. Worth, TX, USA, 19–23 October 2005.

63. Woodall, C.W.; Westfall, J.A. Relationships between the stocking levels of live trees and dead tree attributes
in forests of the United States. For. Ecol. Manag. 2009, 258, 2602–2608. [CrossRef]

64. Agee, J.K.; Huff, M.H. Fuel succession in western hemlock/Douglas-fir forest. Can. J. For. Res. 1987,
17, 697–704. [CrossRef]

65. Sturtevant, B.R.; Bissonette, J.A.; Long, J.N.; Roberts, D.W. Coarse woody debris as a function of age, stand
structure, and disturbance in Boreal Newfoundland. Ecol. Appl. 1997, 7, 702–712. [CrossRef]

66. Powers, J.S.; Sollins, P.; Harmon, M.E.; Jones, J.A. Plant-pest interactions in time and space: A Douglas-fir
bark beetle outbreak as a case study. Landsc. Ecol. 1999, 14, 105–120. [CrossRef]

67. Laiho, R.; Prescott, C.E. Decay and nutrient dynamics of coarse woody debris in northern coniferous forests:
A synthesis. Can. J. For. Res. 2004, 34, 763–777. [CrossRef]

68. Fahey, T.J. Nutrient dynamics of aboveground detritus in lodgepole pine ecosystems, southeastern Wyoming.
Ecol. Monogr. 1983, 53, 51–72. [CrossRef]

69. Lang, G.E. Forest turnover and the dynamics of bole wood litter in subalpine balsam fir forest. Can. J.
For. Res. 1985, 15, 262–268. [CrossRef]

70. Spies, T.A.; Cline, S.P. Coarse Woody Debris in Forests and Plantations of Coastal Oregon. In From the Forest
to the Sea: A Story of Fallen Trees; USDA For. Serv. Gen. Tech. Rep. PNW-229; Maser, C.M., Tarrant, R.F.,
Trappe, J.M., Franklin, J.F., Eds.; USDA: Washington, DC, USA, 1988; pp. 5–24.

71. Burgan, R.E. Concepts and Interpreted Examples in Advancing Fuel Modeling; USDA For. Serv. Gen. Tech. Rep.
INTGTR-238; USDA: Washington, DC, USA, 1987; 40p.

72. Neary, D.G.; Klopatek, C.C.; DeBano, L.F.; Ffolliott, P.F. Fire effects on belowground sustainability: A review
and synthesis. For. Ecol. Manag. 1999, 122, 51–71. [CrossRef]

73. Arno, S.F.; Parson, D.J.; Keane, R.E. Mixed-Severity Fire Regimes in the Northern Rocky Mountains: Consequences
of Fire Exclusion and Options for the Future; USDA For. Serv. RMRS-P-15-5; USDA: Washington, DC, USA,
2000; pp. 225–232.

http://www.fs.usda.gov/Internet/FSE_DOCUMENTS/stelprdb5053310.pdf
http://dx.doi.org/10.1002/joc.1688
http://dx.doi.org/10.1139/x94-172
http://dx.doi.org/10.1890/07-0539.1
http://www.ncbi.nlm.nih.gov/pubmed/18051647
http://dx.doi.org/10.1016/j.foreco.2012.03.003
http://cc.oulu.fi/~jarioksa/opetus/metodi/vegantutor.pdf.
http:/www.R-project.org/
http://dx.doi.org/10.1016/j.foreco.2009.09.018
http://dx.doi.org/10.1139/x87-112
http://dx.doi.org/10.1890/1051-0761(1997)007[0702:CWDAAF]2.0.CO;2
http://dx.doi.org/10.1023/A:1008017711917
http://dx.doi.org/10.1139/x03-241
http://dx.doi.org/10.2307/1942587
http://dx.doi.org/10.1139/x85-044
http://dx.doi.org/10.1016/S0378-1127(99)00032-8


Forests 2018, 9, 503 25 of 25

74. Brown, J.K. Introduction and fire regimes. In Wildland Fire in Ecosystems: Effects of Fire on Flora; USDA For.
Serv. Gen. Tech. Rep. RMRS-42; Brown, J.K., Smith, J.K., Eds.; USDA: Washington, DC, USA, 2000; p. 257.

75. Kaufmann, M.R.; Regan, C.M.; Brown, P.M. Heterogeneity in ponderosa pine/Douglas-fir forests: Age and
size structure in unlogged and logged landscapes of central Colorado. Can. J. For. Res. 2000, 30, 698–711.
[CrossRef]

76. Odion, D.; Hanson, C.; Arsenault, C.T.; Baker, A.; DellaSala, W.L.; Hutto, D.A.; Klenner, W.; Moritz, M.A.;
Sherriff, R.L.; Veblen, T.T.; et al. Examining historical and current mixed-severity fire regimes in ponderosa
pine and mixed conifer forests of western North America. PLoS ONE. 2014, 9, e87852. [CrossRef] [PubMed]

77. United States Forest Service Forest Health Technology Enterprise Team Mapping and Reporting. Available
online: https://foresthealth.fs.usda.gov/portal/PestSummary/DamageSummary (accessed on 7 May 2018).

78. McGregor, M.D.; Furniss, M.M.; Oaks, R.D.; Gibson, K.E.; Meyer, H.E. MCH pheromone for preventing
Douglas-fir beetle infestation in windthrown trees. J. For. 1984, 82, 613–616.

79. Negrón, J.F.; Anhold, J.A.; Munson, S.A. Within-stand spatial distribution of tree mortality caused by the
Douglas-fir beetle (Coleoptera: Scolytidae). Environ. Entomol. 2001, 30, 215–224. [CrossRef]

80. Furniss, M.M. The Douglas-fir beetle in western forests a historical perspective—Part 1. Am. Entomol. 2014,
60, 84–96. [CrossRef]

81. Jenkins, M.J.; Hebertson, E.; Page, W.G.; Jorgensen, C.A. Bark beetles, fuels, fires and implications for forest
management in the Intermountain West. For. Ecol. Manag. 2008, 254, 16–34. [CrossRef]

82. Furniss, M.M. An Annotated Bibliography of the Douglas-Fir Beetle (Dendroctonus pseudotsugae Hopkins); USDA
For. Serv. Gen. Tech. Rep. INT-48; USDA: Washington, DC, USA, 1979; 39p.

83. Bosvenue, C.; Running, S.W. Impacts of climate change on natural forest productivity—Evidence since the
middle of the 20th century. Glob. Chang. Biol. 2006, 12, 862–882. [CrossRef]

84. Niering, W.A.; Lowe, C.H. Vegetation of the Santa Catalina Mountains, Arizona, USA: Community types
and dynamics. Vegetatio 1984, 58, 3–28. [CrossRef]

85. Russel, M.B.; Woodall, C.W. Development of downed woody debris forecasting tool using strategic-scale
multi-resource forest inventories. J. For. 2016, 115, 276–282. [CrossRef]

86. Herman, S.; Kahl, T.; Bauhus, J. Decomposition dynamics of coarse woody debris of three important central
European tree species. For. Ecosyst. 2015, 2. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1139/x99-255
http://dx.doi.org/10.1371/journal.pone.0087852
http://www.ncbi.nlm.nih.gov/pubmed/24498383
https://foresthealth.fs.usda.gov/portal/PestSummary/DamageSummary
http://dx.doi.org/10.1603/0046-225X-30.2.215
http://dx.doi.org/10.1093/ae/60.2.84
http://dx.doi.org/10.1016/j.foreco.2007.09.045
http://dx.doi.org/10.1111/j.1365-2486.2006.01134.x
http://dx.doi.org/10.1007/BF00044893
http://dx.doi.org/10.5849/jof.15-113
http://dx.doi.org/10.1186/s40663-015-0052-5
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Sampling Design 
	Data Collection 
	Dataset Assembly 
	Data Analyses 

	Results 
	Stand Characterization 
	DWM, Duff, and Litter Patterns 
	DWM Comparisons 
	CWD 
	FWD 

	Duff and Litter 
	Variables of Importance Influencing DWM, Litter, and Duff 

	Discussion 
	Stand Development 
	Stand Structure 
	Disturbance 
	Environmental Metrics 
	Future Research Needs 

	Conclusions/Management Implications 
	References

