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A B S T R A C T

Surface fuels are the critical link between structure and function in frequently burned pine ecosystems, which are
found globally (Williamson and Black,1981; Rebertus et al.,1989; Glitzenstein et al.,1995) [1–3]. We bring fuels to
the forefront of fire ecology through the concept of the Ecology of Fuels (Hiers et al. 2009) [4]. This concept
describes a cyclic process between fuels, fire behavior, and fire effects, which ultimately affect future fuel
distribution (Mitchell et al. 2009) [5]. Low-intensity surface fires are driven by the variability in fine-scale (sub-m
level) fuels (Loudermilk et al. 2012) [6]. Traditional fuel measurement approaches do not capture this variability
because they are over-generalized, and do not consider the fine-scale architecture of interwoven fuel types. Here,
we introduce a new approach, the “3D fuels sampling protocol” that measures fuel biomass at the scale and
dimensions useful for characterizing heterogeneous fuels found in low-intensity surface fire regimes.

� Traditional fuel measurements are oversimplified, prone to sampling bias, and unrealistic for relating to fire
behavior (Van Wagner, 1968; Hardy et al., 2008) [7,8].

� Wedevelopedanovelfieldsamplingapproachtomeasuring3D fuelsusinganadjustablerectangularprismsampling
frame. This voxel sampling protocol records fuel biomass, occupied volume, and fuel types at multiple scales.

� This method is scalable and versatile across ecosystems, and reduces sampling bias by eliminating the need for
ocular estimations.

Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
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Specifications Table
Subject Area Environmental Science
More specific subject area: surface fuels, fuel distribution
Method name: 3D Fuels Sampling Protocol
Name and reference of
original method

D. Mueller-Dombois, H. Ellenburg, Aims and methods of vegetation ecology. Wiley and
Sons, New York. (1974)
J. K. Brown, “Handbook for inventorying downed woody material” GTR-INT-16 (USDA
Forest Service, Intermountain Research Station, Ogden, Utah, 1974).
J. K. Hiers, J. J. O'Brien, R. J. Mitchell, J. M. Grego, E. L. Loudermilk, The wildland fuel cell
concept: an approach to characterize fine-scale variation in fuels and fire in frequently
burned longleaf pine forests. International Journal of Wildland Fire 18, 315 (2009).

Resource availability

ethod details

oving away from traditional surface fuel measurements

The concept of the Ecology of Fuels [5] was developed to characterize and connect the variations in
uels which are relevant to similar scales of fire behavior and subsequent fire effects. We apply this
oncept here to a new field sampling approach within a frequently burned forest, where fuels and fire
ary at fine-scales, or within sub-m spatial variability [2,4,6].
Traditional surface fuels measurements were developed to support coarse grain and point-based fire

ehavior modeling, but do not include a full range of variability or spatial non-uniformity typically found
n surface fuelbeds [1,8], particularly those found in frequently burned pine ecosystems [3,4]. These
pproaches are designed to report management unit averages that give broad landscape-scale
ssessments of load [9,10]. Common direct measurements are tallies of down woody fuels along planar
ransects [11] coupled with destructive biomass sampling, known as “clip plots” [12]. Indirect methods
nclude visual cover estimates in plots or comparisons with photographs of known fuel loads or types
9,13]. These methods provide estimates of characteristics—such as fuel load, bulk density, and packing
atios— that are useful for predicting fire behavior at the stand level [14–16], but inherently require
nrealistic assumptions regarding shrub and grass bulk densities that oversimplify these outputs [7].
Traditional methods are not suitable for estimating fine-scale fuel heterogeneity that are important

or simulating within-stand fire behavior [17], notwithstanding their subjective nature and
versimplification of architecture and volume [4,18,19]. To characterize three-dimensional fine-scale
ariation in fuel characteristics particularly relevant to surface fire regimes, we introduce here a novel
oxel sampling approach, where we built a 3D rectangular sampling frame that allows fuels data to be
ollected in the field at three different scales—entire plot (0.25 m3), stratum (0.025 m3), down to
ndividual voxels (0.001 m3). Our method known as the 3D fuels sampling protocol is informed by
dvancements from in situ terrestrial laser scanning [18,20–22] and high resolution fuelbed
imulations [23] that demonstrate clear relationships between occupied volume or surface area with
D measured biomass. However, there are questions related to where mass is concentrated and
istributed within the fuelbed that cannot be answered by remote sensing and simulation without a
eciprocal validation data set. This method seeks to ultimately bridge this knowledge gap.

D sampling frame

A 3D rectangular sampling frame (Fig. 1) designed to be light weight, portable, and easily
ssembled in the field was constructed of PVC and outlines the sampling area that is 0.5 m in width by
.5 m in length by 1 m in height. The frame is subdivided into ten 10 cm vertical sampling strata
anging from 0 to 100 cm in height. These strata are defined as 0–10 cm, 10–20 cm, 20–30 cm, 30–
0 cm, 40–50 cm, 50–60 cm, 60–70 cm, 70–80 cm, 80–90 cm, 90–100 cm were 0 cm is ground level and
00 cm is top of the plot. Each 10 cm stratum contains twenty-five 10 cm3 voxels, totaling 250 voxels
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that are distributed over the frame’s sampling volume of 250,000 cm3 or 0.25 m3. The individual
voxels are .001 m3 and measure 10 cm � 10 cm x 10 cm. There are 25 voxels (5 � 5) per stratum and a
total of 250 voxels per plot. The frame can be constructed to include taller vegetation, but this becomes
cumbersome in the field. Furthermore, in frequently burned ecosystems, the complex fuels of interest
are found within this 1-m range, both vertically and horizontally [4,6].

An additional PVC square was built to simplify the sampling process down the sampling frame (i.e.
between each stratum). It was designed to move verticallyalong the legs of the rectangular sampling frame.
PVC tee fittings held with hitch pins inserted into drilled holes through the 3D rectangular sampling frame
legs permits the PVC square to be lowered every 10 cm. Removable metal rods (8 total) are horizontally
inserted into drill holes of the PVC square at 10 cm intervals to define each voxel space when sampling.

To build the rectangular frame, you will need at least:

� 8 PVC 90-degree side outlet elbows to connect the PVC pipe pieces
� PVC pipe pieces for the legs
� 8 PVC pipe pieces for form the top and bottom squares of the rectangle

To build the sliding square frame, you will need at least:

� 4 hitch pins
� 4 four-way tee PVC fitting
� 4 PVC pipes
� 8 small metal rods

It is recommended to use PVC pipe with a PSI 600 rating as this lends durability and strength to the
frame without compromising the light weight of the frame.

Attaching PVC elbows and tee fittings to PVC pipe will increase the final length of the piece,
therefore, fittings should be attached for all measurements including cutting and drilling. Additionally,

Fig. 1. 3D rectangular sampling frame.
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o ensure that the rectangular frame and square frame were quickly and constantly assembled, four
ifferent color tapes were used to identify each side of the frame and to distinguish between the top
nd bottom of the frame.
To ensure mobility of the square frame along the legs of the rectangular frame, the 4-way tee PVC

ttings should have a larger inside diameter than the outside diameter of the rectangular frame legs.

uels sampling

atasheets
Prior to field sampling, a datasheet (Fig. 2) is created with all fuel types numbered by voxel number

1–250, Fig. 3) to record (presence/absence) occupied volume for each fuel type. For the occupied
olume data, example fuel types used for a longleaf pine (Pinus palustris Mill.) woodland include 1–
0 hour fuels, 100–1000 hour fuels, general pine litter (e. g. longleaf, shortleaf and/or loblolly pine),
iregrass/bunchgrass, other graminoids, shrubs, volatile shrubs, forbs, pine cones, deciduous oak

itter, evergreen oak litter, and longleaf pine litter (Fig. 2). Note that these fuel types were specific for
ur study area that typically burn every 1–3 years. Fuel types should be designated specifically for
ach study area (ecosystem, forest type) and created before sampling begins in the field.

ocation and orientation of the sampling frame
Plot locations are chosen based on data needs, questions of interest, fuel types or configurations of

uel types of interest, or possible associations being made with other instrumentation in the field. At
ach chosen plot location, the frame is oriented to the designated plot area (0.25 m2). The 3D
ectangular frame is centered and orientated so the first voxel for each stratum is the most northwest
oxel. Orientation is not required, but useful for consistency among sampling plots, relating to other
earby field measurements or equipment, or relating to data from remote sensing instrumentation,
uch as GPS, terrestrial laser scanning or infrared thermography. The base of the rectangular frame is

Fig. 2. Page 1 of the field sampling datasheet, representing the bottom two strata of each plot.
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placed on the ground at mineral soil so all aboveground components (e.g. live vegetation, litter, coarse
woody debris, stems, etc.) will be collected.

Occupied volume data sampling
A top-down sampling approach is implemented to collect occupied volume data and aboveground

biomass. At each stratum, the metal rods are particularly useful because they are inserted horizontally
in the square frame penetrating the vegetation across the stratum. The sampling protocol can be done
in designated pre-fire and post-fire plots to estimate fuel consumption and residual fuel structure.

From 100 cm down, the sliding square frame is lowered to the highest stratum that contains
vegetation. If a stratum does not contain vegetation, it is noted on the data sheet. Since the removable
metal rods in the sliding square represent the bottom of the stratum, the biomass in that stratum will
be 10 cm or less above the metal rods.

Within each stratum, each voxel cell is sampled (presence/absence) for fuel type on the datasheet.
Note that each voxel has the potential to encompass multiple fuel types. Also note that the height of
fuels is collected as a function of voxel cell position. This reduces errors in measurement as every cell
has a known height (stratum height) and position (voxel) that allows for generation of spatially
explicit and three-dimensional fuel models (see graphical abstract).

Destructive biomass sampling
At each stratum, after the occupied volume data is recorded on the datasheet, biomass is

destructively harvested by clipping and bagging the material. After that entire stratum is clipped and
bagged, the sliding square frame is lowered 10 cm to the next height stratum. The occupied volume
and biomass collection method is repeated until mineral soil is reached. Care is taken to not collect
duff, unless this is of interest to the collector. At this 0–10 cm height stratum, stems are harvested as
close to the soil as possible. Harvesting large fuels (downed log) are at the discretion of the sampler.

Fig. 3. Voxel orientation for each stratum.
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Fig. 4. Example of fuel distribution, as represented by occupied volume of various fuel types through the 3D fuelbed in 0.25 m3

space as sampled with this method.
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The collected biomass is dried at 70 �C until the weight of the sample no longer changes. For most
material, this requires 48 h of drying time. Some of the heavier fuels may require 72–96 hours of
drying time. Once dry, the weight is recorded for each sampled stratum (0.025 m3) and plot (0.25 m3).
This fuel drying protocol (temperature, length of drying) is similar to traditional approaches [12,10].

The entire field sampling process takes approximately 30 min to 1.5 h per plot depending on the
amount, height, and complexity of vegetation. With the frame in place, pictures of the plot can be taken
before, during, and after the plot has been destructively harvested for quality assurance purposes.

Biomass sampling at the voxel level (0.001 m3) is obtainable, but does increase sampling and
laboratory processing time considerably. It is suggested to take a representative sample of the voxels.
For example, random sampling five voxels at each stratum results in sampling 20% of the entire
rectangular prism area.

Fig. 4 is an illustration of how an individual plot can be dissected to fuel types through the fuelbed.
It illustrates the occupied volume distribution of all fuels in the plot combined, and broken down by
specific fuel types.
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