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Abstract:



Fire regimes are ultimately controlled by wildland fuel dynamics over space and time; spatial distributions of fuel influence the size, spread, and intensity of individual fires, while the temporal distribution of fuel deposition influences fire’s frequency and controls fire size. These “shifting fuel mosaics” are both a cause and a consequence of fire regimes. This paper synthesizes results from two major fuel dynamics studies that described the spatial and temporal variability of canopy and surface wildland fuel characteristics found in US northern Rocky Mountain forests. Eight major surface fuel components—four downed dead woody fuel size classes (1, 10, 100, 1000 h), duff, litter, shrub, and herb—and three canopy fuel characteristics—loading, bulk density and cover—were studied. Properties of these fuel types were sampled on nested plots located within sampling grids to describe their variability across spatiotemporal scales. Important findings were that fuel component loadings were highly variable (two to three times the mean), and this variability increased with the size of fuel particles. The spatial variability of loadings also varied by spatial scale with fine fuels (duff, litter, 1 h, 10 h) varying at scales of 1 to 5 m; coarse fuels at 10 to 150 m, and canopy fuels at 100 to 600 m. Fine fuels are more uniformly distributed over both time and space and decayed quickly, while large fuels are rare on the landscape but have a high residence time.
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1. Introduction


Fire regimes are created by the interaction of bottom–up and top–down controls [1]; bottom–up controls, such as vegetation, topography, and disturbance history, often dictate fire spread, intensity, and severity at fine scales, while coarse scale, top–down controls, such as climate and weather, dictate fire frequency, duration, and synchrony [2]. Of all bottom–up controls, wildland fuels are important because they govern most of fire’s combustion processes [3]. The spatial and temporal variability of wildland fuel directly impacts fire regimes which, in turn, has major implications for fire management [4]. Landscape patches that have minimal fuels, such as recently treated or burned areas, form fuel breaks that may limit growth, reduce intensity, and minimize severity for future fires [5]. This self-organizational property of wildland fire is incredibly important in predicting future fire dynamics under climate change [6,7]. Fire and fuel management should use the changing fuel mosaic to develop management plans that effectively integrate wildfires, controlled wildfires, prescribed fires, and fuel treatments to minimize firefighting costs and maximize ecosystem resilience while still protecting homes and people [8].



Wildland fuels are live and dead organic matter called biomass [9]. The forest fuelbed is vertically stratified into three fuel layers—ground, surface, and canopy fuels (Figure 1). Surface fuels are all biomass within 2 m above the ground surface. Ground fuels are all organic matter below the litter and above the mineral soil, which is called duff in most upland forests. Canopy fuels are the biomass above the surface fuel layer. Fuelbed layers are composed of finer-scale elements called fuel components, which are fuel types that are defined for specific purposes, mostly for fire behavior and effects prediction. A woody fuel type, for example, might be defined as a fuel component based on particle diameter size range (Table 1). The finest scale of fuelbed description is the fuel particle, which is a general term that defines a specific piece of fuel that is part of a fuel type or component of a fuelbed (Figure 1); a fuel particle can be an intact or fragmented stick, grass blade, shrub leaf, or pine needle. There are many physical properties that can describe fuel particles, such as specific gravity, heat content, weight, and shape, and statistical summaries of these particle properties are often used to quantify coarser fuel component properties. However, the fuel property most used in fire management is loading or amount of biomass per unit area (kg·m−2 in this paper).


Figure 1. Illustration of a wildland forest fuelbed showing the three major strata: ground, surface, and canopy fuels from Keane [9] and drawn by Ben Wilson.
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Table 1. Descriptions of the three canopy fuel characteristics, eight surface fuel components, and one ground fuel components included in this paper. FWD is fine woody debris, a term often given to wood fuel particles less than 8 cm in diameter. CWD is coarse woody debris, a term used to woody fuel particles greater than 8 cm in diameter. Those fuel components in bold indicate that they were included in the FUELDYN project, while all fuel components were included in the FUELVAR project.







	
Fuel Type

	
Fuel Component/Attribute

	
Common Name

	
Size

	
Description






	
Canopy Fuels




	
Canopy

	
Canopy bulk density (kg·m−3)

	
CBD

	
<3 mm diameter

	
All canopy material less than 3 mm diameter




	
Canopy fuel loading (kg·m−2)

	
CFL

	
<3 mm diameter

	
All canopy material less than 3 mm diameter




	
Canopy cover (%)

	
CC

	
All material

	
Vertically projected canopy cover




	
Surface Fuels




	
Downed Dead Woody

	
1 h woody

	
Twigs, FWD

	
<0.6 cm (0.25 inch) diameter

	
Detached woody fuel particles on the ground




	
10 h woody

	
Branches, FWD

	
0.6–2.5 cm (0.25–1.0 inch) diameter

	
Detached woody fuel particles on the ground




	
100 h woody

	
Large Branches, FWD

	
2.5–8 cm (1–3 inch) diameter

	
Detached woody fuel particles on the ground




	
1000 h woody

	
Logs, CWD

	
8+ cm (3+ inch) diameter

	
Detached woody fuel particles on the ground




	
Shrubs

	
Shrub

	
Shrubby

	
All shrubby material less than 5 cm diameter

	
All burnable shrubby biomass with branch diameters less than 5 cm




	
Herbaceous

	
Herb

	
Herbs

	
All sizes

	
All live and dead grass, forb, and fern biomass




	
Litter

	
Litter

	
Litter

	
All sizes, excluding woody

	
Freshly fallen non-woody material which includes leaves, cones, pollen cones




	
Ground Fuels




	
Duff

	
Duff

	
Duff

	
All sizes

	
Partially decomposed biomass whose origins cannot be determined










An often overlooked feature of wildland fuelbeds is that they are always changing in space and in time; live and dead biomass are constantly being added, modified, and removed by various ecological processes, thereby changing particle, component, and layer properties [10]. The annual shed of leaves and small woody twigs from trees, for example, creates significantly different spatial distributions than the infrequent toppling of tree boles to create logs or coarse woody debris (CWD). As a result, wildland fuel landscapes can be thought of as shifting mosaics of hierarchically intersecting fuel characteristics [9]. This dynamic and complex character of fuelbeds across space and time is responsible for the great variability found in wildland fuel characteristics [11,12,13] and is perhaps the single most important concept to understand in fire management today because it influences strategic fuel management considerations such as fuel treatment longevity and effectiveness, fire return intervals, and smoke potential [9].



Numerous ecological processes influence fuel dynamics, but four are particularly important in controlling spatial and temporal distributions of wildland fuels—vegetation development, deposition, decomposition, and disturbance—the four “Ds” [9]. Wildland fuels accumulate as a result of the establishment, growth, and mortality of vegetation (development). Rates of biomass accumulation, often called productivity, are dictated by the interactions of the plant species available to occupy a site and the site’s physical environment (e.g., climate, soils, and topography) [14]. Over time, portions of living biomass are shed or die and get deposited on the ground to become dead surface fuels or necromass. Below- and above-ground necromass is eventually decomposed by microbes and soil macrofauna. Disturbances, such as fire, insects, and disease, act on living and dead biomass to change the magnitude, trend, and direction of fuel dynamics in space and time. These four fuel processes interact, but they are often influenced by different environmental factors depending on the ecosystem. In wildland fuel science, for example, many assume fuels are closely related to vegetation characteristics [15], but this would be true only if the first two processes (development and deposition) were considered thereby ignoring the role of decomposition and disturbance in fuelbed development.



The landscape ecology of wildland fuels is the interaction of the above processes across multiple space and time scales to create the shifting mosaics of fuel conditions [16]. Understanding the spatial and temporal dynamics of fuels may provide a better grasp of the impact of various wildland fuel management activities on fuel properties [17] and it also might help explain unexpected fire behaviors and effects (e.g., [18]). It may also aid in developing effective fuel applications that integrate spatial variability in their design such as new fuel classifications, sampling methods, and geospatial data [9]. Patterns of fuel characteristics will be important inputs to the fire effects and behavior models of the future [18,19].



Few have explored spatial and temporal relationships of the wildland fuels. Reich et al. [20] evaluated the spatial variability of several fuel components over a large landscape in the US Black Hills and found that the variability was governed by topography and vegetation. Hiers et al. [21] measured small-scale variations in surface fuel using LiDAR and found that fuelbed depths become spatially independent after small distances (~0.5 m2). Spatial variability of grasslands have been described in the context of population dynamics and restoration potential but have not been related to fuel characteristics [22]. Theobald [23] found that while fine scale variation in fuels dictated fire behavior, the distribution of CWD dictated germination in longleaf pine ecosystems. Kreye et al. [24] described the spatial structure of duff near tree boles using Moran’s I and found duff depth had high spatial correlations at short distances (<1 m). While some studies described fuel distributions across landscapes [25,26], few have actually quantified the variability of fuel properties across space [19,27,28]. And, while many have identified fuel continuity as an important spatial characteristic of wildland fuels [29,30], few studies have addressed the structure of fuel spatial variation at landscape scales.



This paper is a synthesis of two long-term projects that were designed to understand the spatial and temporal dynamics of wildland fuelbeds. Spatial fuel characteristics were measured for eight fuel components (Table 1) in an extensive study called FUELVAR that assessed fuel component properties at various distances in a 1 km sampling grid installed in six US northern Rocky Mountain stands [11,16]. Temporal fuel dynamics were measured on 28 plots across the northern US Rocky Mountains over a period of 10–12 years to assess deposition and decomposition rates for five fuel components in the FUELDYN study (Table 1) [31,32]. While these two studies were not directly linked, many methods and analyses overlap, and as a result, the findings can be described in a similar context. In this paper, the two studies are used to demonstrate the variability and complexity of wildland forest fuelbeds over time and space.




2. Methods


2.1. Spatial Methods


In the FUELVAR study, a nested grid design within a square 1 km2 area was installed in the center of six selected study sites [11] (Figure 2a). Sites sampled included a second-growth dry mixed conifer stand of ponderosa pine (Pinus ponderosa), Douglas-fir (Pseudotsuga menziesii), and western larch (Larix occidentalis) that had been thinned, a ponderosa pine-Douglas-fir stand that had been prescribed burned, a lodgepole pine (Pinus contorta) stand with a history of non-lethal surface fires, a pinyon pine (Pinus edulis) and juniper (Juniperus occidentalis) woodland, a ponderosa pine savanna, and a sagebrush grassland. Sides of the sampling grid were oriented along the four cardinal directions. Transects were established at each corner and at 100-m intervals along each grid side (Figure 2a). Sampling was intensified around four central grid points to increase the number of distances between sample points by installing a nested sampling grid of 16 additional sampling points centered around one of the four grid points using a 100-m square (eight sampling points) and 50-m square (another eight points) design (Figure 2b). These additional sampling points were placed at the corners and side mid-points for the two nested squares. This intensive grid provided the additional distances, including 25, 35, 50, and 100 m.


Figure 2. The sampling design of the FUELVAR study showing (a) the 1 km2 sampling grid, (b) the intensification of the grid, and (c) the nested plot sampling scheme in the upper right.
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A 400-m2 circular macroplot was established at each grid sample point for sampling trees greater than 10 cm DBH (diameter breast height) and canopy cover (Figure 2c). Using the same sample point as plot center, we installed a 100-m2 circular subplot on which we sampled logs (woody fuel particles greater than 8 cm diameter) and sapling trees (trees greater than 1.37 m tall and less than 10 cm DBH). We then centered a 1-m2 square microplot over the grid sampling point, within which we measured shrub, herb, and fine woody (wood fuel particles less than 8 cm diameter; twigs and branches) fuel characteristics. Last, a 0.25-m2 (50 by 50 cm) square nanoplot was installed in the northwest corner of the microplot to measure duff and litter fuels.



Spatial variability of the measured fuel loadings of each component (Table 1) was described using semi-variograms; a descriptive technique that graphically represents the spatial continuity and spatial autocorrelation of a spatial data set [33,34]. Semi-variogram range, the distance where the variance curve first flattens, is important in landscape ecology because it represents the spatial scale at which the entity of concern is best described in space, often called the inherent patch size [35].




2.2. Temporal Methods


In 1993, a set of litter traps were installed on four plots on each of two sites in western Montana to parameterize and validate two ecosystem models [31]. Then, in 1995, four new sites were established along elevational and aspect gradients within the larger US Northern Rockies study area (Figure 3a). Plots were established only in mature stands that had no evidence of disturbance. Forest types represented by these sites include stands dominated by ponderosa pine, Douglas-fir), western red cedar (Thuja plicata), subalpine fir (Abies lasiocarpa), and whitebark pine (Pinus albicaulis). In 1996, a seventh site was established in the ubiquitous lodgepole pine ecosystem that occurs east of the Continental Divide (Figure 3a).


Figure 3. The sampling design of the FUELDYN study showing the (a) seven sampling sites; (b) the four plots per sampling site placed at high and low elevations and north and south aspects; (c) the littertrap placement within the 400 m2 plot; and (d) the decomposition bag placement on the 400 m2 plot.
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Four plots were established at each site established along major topographic gradients of elevation and aspect to capture the diversity of the important direct environmental gradients such as productivity, moisture, and temperature (Figure 3b). A number of topographic, vegetation, and ecosystem characteristics were measured on the 0.1 acre (0.04 ha) circular plots, and then an inventory of all trees within plot boundaries was conducted. A network of 30 m fuel transects to estimate fuel loadings for five fuel components was also used in this study.



At each plot, we installed nine 1 m by 1 m litter traps in the star pattern to collect fallen biomass (Figure 3c) but two were removed (NW, SE) after statistical analysis revealed they weren’t needed. Each plot was visited once a month during the snow-free periods of the year and all material in each trap was placed into heavy paper bags, transported to the laboratory, and the labeled bags were placed in an oven set at 90 °C for two to three days. The weight of each fuel component was recorded to the nearest 0.01 g along with the date, site, plot, and trap information written on the bag. A small sample of the dried material was set aside for the decomposition experiment. We measured litterfall in these traps for 10–12 years depending on the site.



Litter bags were used to estimate the rate of decay for four fuel components of freshly fallen foliage, twigs, branches, and large branches [31]. Approximately 100–150 g of the material taken from the litter traps was put into each bag and then the bag was sewn closed. Decomposition rates for logs and other canopy material were not measured because of limited time, lack of appropriate equipment, and incompatible methods. At each plot, three sets of three bags for the three fine woody fuel components (1, 10, and 100 h) and three sets of six bags for the foliage material were installed in the pattern shown in Figure 3d. Decomposition was measured over three years by taking one foliage bag from each wire set every 6 months and one woody bag from each woody fuel set every 12 months. The litter bags were then placed in paper bags, dried at 80 °C for 3 days, and then weighed to the nearest 0.01 g with the weight.



Two estimates of decomposition were calculated. A mass loss rate (percent year−1) was calculated from differences in bag weights over the three year period. Then, we estimated the decomposition parameter k in the Olson [36] equation using a linear mixed effects model whose form is as follows:


[image: there is no content]



(1)




where xij is the weight of the ith trap at time j (tj) and xi0 is the initial weight of the ith trap; bi is the random effect of trap i representing the deviation of the slope from the fixed effect for trap i; and εij are the random errors assumed to be independently distributed with a normal distribution.





3. Results


3.1. Spatial Dynamics


Using semi-variogram analysis, Keane, Gray and Bacciu [11] estimated the spatial scale of individual canopy and surface fuel components and found that the smaller the fuel component, the finer the scale of spatial distribution. Fine woody debris (FWD, Table 1) varied at scales of 1–5 m, depending on the size of fuel particle; CWD varied at 22–160 m; and canopy fuel characteristics varied at 120–600 m scales (Table 2). In fact, Keane, Gray, BacciuandLeirfallom [16] related fuel particle diameter with semi-variogram range and found that an increase in 1 cm in fuel particle diameter resulted in an increase of the range (inherent patch size) by 4.6 m (Figure 4). Results from the FUELVAR study showed that each fuel component has its own inherent spatial scale and that this scale varies by biophysical environment, vegetation structure and composition, and time since disturbance.


Figure 4. Relationship of semi-variogram range (m) with the size of fuel particle represented by diameter (cm).
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Table 2. Semi-variogram range statistics for all surface fuel components and three canopy fuel variables across the six FUELVAR sites. Empty cells indicate no spatial model could be fit to the data. Canopy fuel attributes: CBD-Canopy bulk density, CFL-Canopy fuel load, and CC-Canopy cover.







	
Fuel Component

	
Sagebrush Grassland

	
Pinyon Juniper

	
Ponderosa Pine Savanna

	
Ponderosa Pine-Fir

	
Pine- Fir-Larch

	
Lodgepole Pine






	
Range (m)




	
1 h

	
4.7

	
2.5

	
2.8

	
16.3

	
8.9

	
6.0




	
10 h

	
6.6

	
2.4

	
0.9

	
4.9

	
2.2

	
11.1




	
100 h

	
No 100 h

	
2.5

	
2.5

	
4.6

	
2.4

	
4.1




	
1000 h

	
No Logs

	
No Logs

	
84.0

	
22.0

	
87.3

	
157.0




	
Shrub

	
2.4

	
15.1

	
0.9

	
1.8

	
3.6

	
2.7




	
Herb

	
0.7

	
1.1

	
0.8

	
3.5

	
0.5

	
1.8




	
Litter + Duff

	
0.5

	
1.4

	
2.5

	
1.3

	
0.5

	
0.9




	
CBD

	
No trees

	
440.0

	
-

	
412.0

	
100.0

	
120.0




	
CFL

	
No trees

	
560.0

	
-

	
600.0

	
310.0

	
560.0




	
CC

	
No trees

	
407.0

	
-

	
-

	
230.0

	
300.0










There were several other findings of the FUELVAR study that warrant mention. First Keane, Gray and Bacciu [11] found high variability in a number of fuel properties both across and within sites; coefficients of variation (variation expressed as a percent of the mean) exceeded 200% for loading of most woody fuel components and that variation was correlated with particle size (R2 = 0.6). They also found that this variability was not normally distributed, but instead, highly skewed (skewness statistic >2.0 for most components) because many microplots were missing fuel components. Next, Keane, GrayandBacciu [11] found that none of the surface fuel components were correlated with each other; correlation coefficients were <0.4 for the loading of all combinations of surface fuel components. Even more important was the fact that none of the surface fuel components correlated with canopy fuel components or numerous other stand characteristics, such as tree density, basal area, and tree diameter. Each fuel component was distributed independently of all other components.




3.2. Temporal Dynamics


3.2.1. Deposition


In the FUELDYN study, Keane [31] found that rates of deposition (litterfall) varied by fuel component with foliage having the greatest deposition rates (0.05–0.15 kg·m−2·year−1) and the largest woody fuel components (100 and 1000 h) having the slowest rates (<0.03 kg·m−2·year−1) (Figure 5a). Moreover, fuel deposition varied greatly by site, from less than 0.05 kg·m−2·year−1 on unproductive sites (hot, dry and cold, wet) to ten times more (over 0.5 kg·m−2·year−1) on warm mesic sites (Figure 5b). These deposition rates were more closely correlated to vegetation characteristics than to environmental or climatic factors (e.g., temperature, elevation, and precipitation). In addition, deposition rates of each fuel component differed by site (Figure 5b); woody fuel deposition rates varied widely across all sites (an order of magnitude for 10, 100 h).


Figure 5. The amount of fuel deposited each year (litterfall) by (a) fuel component and (b) the 28 sites in the Keane [31] study. Site descriptions ID numbers on the X axis can be found in Keane [31]. Sites are arranged in order of productivity from highest to lowest.
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Keane [31] also found that the temporal pattern (i.e., annual variation) of deposited biomass differed by fuel component (Figure 6). It appeared that approximately the same amount of litter and 1 h woody fuels were deposited each year with little year-to-year variability, but the deposition of coarser woody fuels (10, 100 h) was more highly variable in time, with most coarse fuels deposited in one year (Figure 6). Keane [31] also found that only the foliage material was evenly deposited across the littertraps; all woody fuel components were unevenly distributed across both space and time.


Figure 6. Coarser fuels have higher interannual variability. The amount of deposited biomass by fuel component on the Coram site over 12 years of collection (a) foliage (litter); (b) 1 h; (c) 10 h; and (d) 100 h.
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3.2.2. Decomposition


Similar to litterfall, decomposition also varies by fuel component and site (Figure 7). The smallest fuel particles (foliage) decayed at the fastest rates, often losing more than a fifth of their mass per year, while the coarser woody particles lost less than 5% of their weight each year (Figure 7a,d). Also, the rate of decomposition was greatly driven by an elevation gradient with the high elevation sites having the fastest decomposition (k values > 0.3 year−1) and the dry, hot low elevation sites had the slowest decomposition (k > 0.1 year−1). In fact, Keane [32] found decomposition rates were best correlated with climate gradients of temperature and moisture. To add to the complexity, measured decomposition rates for each fuel component also differed by site with rates of woody fuel decomposition often unrelated to foliar decomposition rates, and some larger woody fuels having k values greater than smaller woody fuels (Figure 7c).


Figure 7. Rates of decomposition expressed as (a) k values for each fuel component, (b) mass loss rates for each fuel component; and (c) k values for each site by fuel component. Site descriptions ID numbers on the X axis can be found in Keane [31]. Sites are arranged in order of elevation from highest to lowest. Some sites did not have decomposition estimates [31].
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4. Discussion


4.1. The Wildland Fuel Mosaic


Results from these two studies indicate that the landscape mosaic of wildland fuel is much more complex than we once thought [9]. Fuel components are distributed differently in space with fine fuels changing over spatial scales that are an order of magnitude smaller than coarse woody fuels and canopy fuels (Table 2). Fine fuel components are more uniformly distributed in space with lower variabilities than the high variability coarse fuels. The primary reasons for this complexity is that fuel components are deposited on the ground at different rates and patterns (Figure 4), and after they land on the ground, they decompose at different rates (Figure 7), and this deposition and decomposition are governed by different factors (vegetation controls deposition, climate controls decomposition). Fine fuels are added to the surface fuel layer at the greatest rates, but they may decompose quicker, whereas CWD particles are more scattered across space, and it may take decades to centuries for it to decompose depending on site factors.



A framework for understanding spatiotemporal surface and canopy fuel dynamics can be constructed from findings of these two studies [9,31]. First, the spatial locations of the plants that contribute both live and dead fuels provide the coarse template for spatial fuel dynamics. Existing plants grow and die, and new plants are always becoming established. The phenological, physiological, and morphological characteristics of the plants dictate the types of fuels (i.e., live and dead components) available for combustion. Dead material from these plants gets deposited on the ground in patterns based on particle size and weight, height of release, intercepting vegetation, and wind dynamics [25]; small particles may be blown great distances while large heavy particles tend to drop straight down. A greater amount of smaller particles, such as foliage and twigs, are deposited than the large particles, such as branches and logs (Figure 4). Once on the ground, the process of decay acts on these particles to further fracture and decompose organic components [37,38]. Rates of decomposition also depend on the size of the particle with smaller particles decomposing faster than large materials (Figure 6). So, while large particles are rarer than small particles, they have a longer residence time and they tend to be found near the parent plants [39]. Disturbance alters development and deposition rates by killing and maybe consuming whole plants and plant parts, and they can also change the pattern of surface dead fuel by consuming necromass and altering decomposition. The interactions of disturbance and decomposition processes with vegetation development and deposition controls wildland fuelbed properties thereby creating the dynamic fuel mosaic, and this changing fuel mosaic ultimately controls fire regimes.



Two factors that control fuel dynamics were not directly assessed in these two studies—vegetation development and disturbance. Rates of live fuel growth were not included in FUELDYN study because of time and cost considerations, and disturbance was ignored because FUELDYN sites were selected based on their lack of disturbance [31]. Had these two factors been studied, they probably would have revealed even greater complexity and corresponding variability in wildland fuel dynamics. In fact, the two sites in the FUELVAR study that were thinned had twice the variability in loading as the other sites. Live plant biomass accumulates at rates much greater than decompositional losses, and the diversity of species, sizes, and coverage of plants contributes to a diverse and complex set of canopy and surface fuel characteristics. And while biomass accumulation is slow and gradual, the effects of disturbance on wildland fuelbed dynamics may be immediate and extensive. Wildland fire, the most pervasive disturbance in the US northern Rocky Mountains [40,41], causes major changes in wildland fuelbeds through fuel consumption and fire-caused plant mortality. Disturbance impacts are also manifest differently by fuel component; most fine fuels are consumed in wildfires, for example, while the coarse fuels may only partially be consumed [42].




4.2. Implications


Findings from the FUELVAR and FUELDYN studies have sweeping implications for all of fire management. Traditional methods and sampling designs that are used to describe and inventory fuels may be fundamentally limited if they don’t recognize the high variability of fuel attributes across space and time [43]. Planar intersect sampling of woody fuel loadings, for example, may be inappropriate for describing spatial variability of woody fuel loading [44]. Conventional fuel inventory techniques, such as photo series [45], may be inappropriate because fuels vary at scales different from the scales represented by the picture in the series; the limited area of evaluation, for example, may be too small to accurately assess loadings for CWD [44]. Inappropriate sampling methods may result in higher uncertainty in fuel loadings that may mask subtle treatment effects [46]. Remotely sensed products used to map fuels, such as Landsat Thematic Mapper, may have resolutions that are inappropriate for capturing the spatial distribution of fuels, especially FWD [47]. Fuel classifications may be ineffective because fuel components vary independently of each other and the high variability of fuel characteristics within a site may overwhelm unique fuelbed identification across sites [43]. Keane et al. [48], for example, found that the high variability of fuel loadings within a classification category resulted in the inability of that category to be accurately mapped. Many fire hazard and risk analyses assume fuels do not change over time [49,50,51], yet temporal changes in surface and canopy fuels can be large enough to influence fire behavior predictions (Figure 7). High deposition rates, coupled with disturbance effects, may rapidly change fuelbed characteristics and quickly render fuel maps out-dated [47]. Each year, the US spends millions of dollars on fuel treatments that may fast become ineffective because the design failed to account for temporal fuel dynamics [52].



These findings also provide valuable insight into why it is so difficult to create accurate fuel applications and products for fire behavior modeling—complex ecological interactions create high spatiotemporal variability of fuel component characteristics that may compromise predictions. This variability is different for each fuel component and it is so high that it often overwhelms most statistical analyses and classification schemes [48]. Traditional approaches of over-simplifying fuel descriptions for fire simulations may rarely be appropriate, if they ever worked at all [9,46]. Fire behavior fuel models, for example, may provide acceptable results in a one-dimensional application, such as the BEHAVE model [53], but three-dimensional fire behavior models may need more realistic inputs of spatial fuel distributions [18].



Future wildland fuel applications and tools must account for high spatiotemporal variability to be effective in fire management. Instead of managing for average fuel conditions, the ranges and variations must be used to better approximate the highly variable stand conditions. Fire hazard and risk models must have the ability to simulate changes in the fuelbed due to the 4 D’s described above [54]. Fuel inventory and monitoring methods must have the ability to sample fuel components at their inherent spatial scale of distribution [44]. Fuel classifications must be designed to account for high variability in loading over multiple scales; Lutes et al. [55], for example, created a fuel classification of potential fire effects using field sampled fuel component loadings but failed to include measures of variability. Fuel maps must be designed to successfully link fuel component spatial scales with mapping methods, and these maps should be linked to fuel dynamics models to simulate potential changes that may render the map quickly outdated.





5. Summary


The ecological processes of vegetation development (succession), deposition, decomposition, and disturbance interact to create complex wildland fuel mosaics in the forests of the US northern Rocky Mountains. This fuel mosaic provides a template for future fire patterns, and its shifts over time influence the intrinsic fire regime that eventually emerges from the interactions of the fuel mosaic, fire ignition, and climate [41,56]. The fuel mosaic is constantly changing at rates dictated by the biophysical environment, the vegetation, and disturbance interactions. This dynamic character of fuel mosaics contributes to high spatiotemporal variability that confounds development and use of wildland fuel applications in fire management. Future wildland fuel applications must address both the spatial and temporal variability of wildland fuels to ensure accurate fuel inputs to fire management applications.
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Abbreviations


The following abbreviations are used in this manuscript:



	FUELVAR
	A comprehensive project aimed at quantifying the spatial variability of fuels



	FUELDYN
	A 12 years study quantifying litterfall and decomposition rates for US northern Rocky Mountain undisturbed stands



	1 h
	downed, dead woody fuel particles less than 6 mm in diameter



	10 h
	downed, dead woody fuel particles less than 25 mm in diameter



	100 h
	downed, dead woody fuel particles less than 76 mm in diameter



	1000 h
	downed, dead woody fuel particles greater than 76 mm in diameter



	FWD
	all dead fuel particles below 76 mm in diameter



	CWD
	all dead fuel particles greater than 76 mm in diameter
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