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Abstract. Designing a fuel-sampling program that accurately and efficiently assesses fuel load at relevant spatial scales
requires knowledge of each sample method’s strengths and weaknesses. We obtained loading values for six fuel components
using five fuel load sampling techniques at five locations in western Montana, USA. The techniques included fixed-area
plots, planar intersect, photoloads, a photoload macroplot, and a photo series. For each of the six fuels, we compared
(1) the relative differences in load values among techniques and (2) the differences in load between each method and a
reference sample. Totals from each method were rated for how much they deviated from totals for the reference in each fuel
category. The planar-intersect method, which used 2.50 km of transects, was rated best overall for assessing the six fuels.
Bootstrapping showed that at least 1.50 km of transect were needed to obtain estimates that approximate the reference
sample. A newly developed photoload method, which compared fuel conditions on the forest floor with sets of pictures
calibrated for load by fuel type, compared well with the reference and planar intersect. The commonly used photo series
consistently produced higher mean load estimates than any other method for total fine woody debris (0.05–0.20 kg m−2)
and logs (0.50–1.25 kg m−2).

Additional keywords: fuel inventory, fuel sampling, line intersect, photoload, photo series.

Introduction

The design, implementation, and evaluation of successful fuel
management activities ultimately depend on the accurate inven-
tory and continual monitoring of the fuel loadings in forest and
rangeland ecosystems (Laverty and Williams 2000). Picking the
proper method to sample biomass of different types of fuels,
however, requires extensive knowledge of the advantages and
disadvantages of each sampling technique and expertise in how
to properly modify each protocol to fit appropriate spatial scales
or applications. Over the past 50 years, several distinct types of
fuel sampling techniques have been developed to sample downed
woody debris and to estimate fuel load. Determining how well
each sampling technique assesses fuels under a variety of fuel
conditions and spatial scales is critical to designing efficient
sampling projects that assess the effects of fire exclusion, pre-
dict fire behaviour, evaluate wildlife habitat, and restore altered
landscapes.

Historically, fuel load sampling procedures have ranged in
scope from simple and rapid visual assessments to highly
detailed measurements of complex fuelbeds along transects
or in fixed areas that take considerable time and effort. The
most common visual assessment technique is the photo series
method that was initially developed by Maxwell andWard (1976)
and implemented by Fischer (1981a) and Ottmar et al. (2000).

∗The use of trade or firm names in the current paper is for reader information and does not imply endorsement by the US Department of Agriculture of any
product or service. This paper was written and prepared by US Government employees on official time; therefore, it is in the public domain and not subject
to copyright.

In the photo series method, fuel loads for disparate forests and
rangelands are photographed using oblique photographs; then
the forest and rangelands settings are sampled and quantified
(e.g. Fischer 1981b; Sandberg et al. 2001). Theoretically, the
load values can then be applied to sites that appear visually sim-
ilar. Fuel loads in new study areas are estimated by visually
matching observed fuelbed conditions with these photographs.

In contrast to the photo series, the transect, planar inter-
sect, and fixed-area methods require significantly more time and
effort to implement because downed woody debris is actually
counted. The line transect method was originally introduced
by Warren and Olsen (1964) and made applicable to mea-
suring coarse woody debris by Van Wagner (1968). It is an
adaptable technique that is rooted in probability-proportional-
to-size concepts. Several variations on the original technique
have been developed since 1968, including those that vary the
line arrangements and those that apply the technique using differ-
ent technologies (DeVries 1974; Hansen 1985; Nemec Linnell
and Davis 2002). The planar-intersect method is a variation
of the line-transect method that was developed specifically for
sampling fine and coarse woody debris in forests (Brown 1971,
1974; Brown et al. 1982). It has the same theoretical basis as
the line transect (Brown et al. 1982), but it uses sampling planes
instead of lines. The planes are somewhat adjustable to plot scale
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because they can be any size, shape, or orientation in space, and
samples can be taken anywhere within the limits set for the plane
(Brown 1971).The planar- intersect method has been used exten-
sively in many inventory and monitoring programs because it is
relatively fast and simple to use (Busing et al. 1999; Waddell
2002; Lutes et al. 2006). It has also been applied in research
because it is considered an accurate technique for measuring
downed woody fuels (Kalabokidis and Omi 1998; Dibble and
Rees 2005). In contrast to the probability-based methods, the
fixed-area or quadrat methods are based on frequency concepts
and have been adapted from vegetation studies to sample fuels
(Mueller-Dombois and Ellenberg 1974). In fixed-area sampling,
a round or rectangular plot is used to define a sampling area
and all fuels within the plot boundary that meet a specified cri-
teria are measured using methods that range from destructive
collection to volumetric measurements (i.e. length, width, diam-
eter). Because fixed-area plots require significant investments of
time and money, they are more commonly used to answer spe-
cific fuel research questions rather than to monitor or inventory
management areas.

In recent years, several new methods of assessing fuel load-
ing have been developed to sample fuelbeds in innovative ways.
The photoload method uses calibrated, downward-looking pho-
tographs of known fuel loads to compare with conditions on the
forest floor and estimate fuel loadings for individual fuel cat-
egories (Keane and Dickinson 2007b). The stereoscopic vision
technique builds on the photo series by using computer-image
recognition to identify large woody fuels from stereoscopic pho-
tos and compute loading volume (Arcos et al. 1998; Sandberg
et al. 2001). Transect relascope, point relascope, and prism
sweep sampling use angle gauge theory to expand on the line-
transect method for sampling coarse woody debris (Stahl 1998;
Bebber and Thomas 2003; Gove et al. 2005). Perpendicular
distance sampling (Williams and Gove 2003) uses probability
proportions to estimate log volumes without actually collect-
ing detailed data on all log lengths and diameters. Several
comparisons have been done between the traditional sampling
techniques and these more contemporary methods to evaluate
their performance, accuracy, and bias in measuring coarse woody
debris (Delisle et al. 1988; Lutes 1999; Bate et al. 2004; Jordan
et al. 2004; Woldendorp et al. 2004). However, no studies have
yet examined the performance of various sampling techniques
for measuring across multiple fuelbed components, such as com-
binations of fine and coarse woody debris, live and dead shrubs,
and herbs on the forest floor – all of which are very important to
flammability, inventory and monitoring of vegetation and fuels,
and wildlife studies.

In the present paper, we explore how five diverse sampling
techniques compare in their ability to assess shrub, herb, and
downed woody debris loading. These techniques include: (1) the
fixed-area strip plot; (2) the planar intersect; (3) photoloads;
(4) a rapid-assessment version of photoloads that we call the
photoload macroplot; and (5) photo series. We evaluated each
technique based on: (1) how well its estimated load compared
with a reference sample; (2) how much time was required to
complete sampling; and (3) how much training was needed
to implement the technique. Our goal is to provide a guide
to the tradeoffs involved in using each of these fuel load sam-
pling techniques and provide suggestions for matching the

appropriate sampling method to resource- and fire-management
applications.

Methods

For the present study, we limited our comparisons to downed
dead woody surface debris, shrubs, and herbs because these
elements are normally evaluated in most of the fuel sampling
techniques and each is an important input to fire simulation
models (Rothermel 1972; Albini 1976; Reinhardt et al. 1997).
The downed woody debris was divided into four commonly
accepted USA size classes (Fosberg 1970):

• Fine Woody Debris (FWD)
◦ 1-h fuels – particles with diameters <0.64 cm (<0.25

inches) in diameter (1-h refers to the number of hours it
takes debris of this size to dry enough to reach equilibrium
moisture content)

◦ 10-h fuels – particles between 0.64 and 2.54 cm (0.25–1.00
inches) in diameter

◦ 100-h fuels – particles 2.54 to 7.62 cm (1–3 inches) in
diameter

• Coarse Woody Debris (CWD)
◦ 1000-h fuels consisted of fuel components >7.62 cm (>3

inches) in diameter. This class included all logs.

We also examined two other fuel components – shrub and
herbaceous fuels – that included both live and dead plants. We
did not evaluate the methods for estimating duff and litter loading
because these components required additional time to sample
properly and the methods normally used to sample them are
quite different than those used in the present study.

We selected five sites on the Ninemile District of the Lolo
National Forest in western Montana, USA (47◦5′N, 114◦12′W)
to compare sampling methods for these six fuel components.The
dominant overstorey at four of the sites was Pinus ponderosa.
Tree cover ranged from 30 to 40%. Sites C1, S3, and K4 had 50–
70% grass coverage in the understorey, which included mainly
Festuca scabrella (C1) or Calamagrostis rubescens (S3, K4).
Site C2 had <50% grass and herbaceous cover with the under-
storey dominated by Balsamarhiza sagittata and F. scabrella.
Only site K4 had abundant shrubs (50% cover). Sites C1 and S3
had experienced some type of fuel reduction activity, but sites
C2 and K4 represented natural fuel conditions. The fifth site,
M5, was dominated by Larix occidentalis. Its understorey con-
sisted mainly of Berberis repens. M5 was logged in 2004 and
sampled for fuels in 2005 so slash was still abundant on the site.
Together, these five sites adequately represented a range of fuel
loads commonly found in montane forests of the northern Rocky
Mountains (Fig. 1a, b).

At each site, we established a single 50 × 50-m permanently
marked square plot in an area that was representative of typi-
cal forest conditions at the site. We refer to this large sampling
area as ‘macroplot’ or ‘site’ throughout the present paper. Each
macroplot was aligned with its outer edges oriented along the
cardinal directions and then divided from north to south and
east to west into twenty-five 10 × 10-m grid cells (hereafter
referred to as subplots) (Fig. 2). Four different sampling areas
were established within the plot’s grid. The size and arrangement
of each sampling area were dictated by the requirements of the
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(a)

(b)

Fig. 1. Range of fuel loads examined with five sampling techniques in the present study. (a) Site C1 with mostly
fine fuels, herbs, and grass; and (b) site M5 with abundant logs.

five sampling techniques that were tested. Sampling occurred
in the following order on each macroplot: (1) planar transects,
(2) photoload microplots, (3) photoload macroplot, (4) photo
series, (5) fixed-area plot, and (6) reference clipped sample.

Although it is difficult to design a field-sampling plot structure
that provides an objective and fair comparison of the sampling
methods without any site or procedural bias, the protocols that
follow were a compromise that accommodated all the types of
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Fig. 2. Sample layout of the macroplot divided into subplots with
microplots placed in the north-east corner of each subplot.

sampling for the downed woody debris and herbaceous material
investigated in the current study.

Sampling techniques for the reference sample
Creating the perfect reference sample design that captured actual
loadings by the six components for each sample site was logisti-
cally impractical because we did not have the resources to clip,
collect, and weigh all the herb, shrub, and woody fuels within the
2500-m2 plot and we could not handle the large volume of heavy
and unwieldy log material in our laboratory. Therefore, we sub-
sampled four woody size classes and ground cover components
using nested microplots (Fig. 2). In the north-east corner of each
subplot, we established a 1 × 1-m microplot using a plot frame
made out of 1.9 cm of plastic PVC pipe (Fig. 2). Within the
twenty-five 1 × 1-m microplots, we collected all of the FWD
and clipped and collected all of the aboveground living and dead
shrub and herbaceous material. Because this method of sampling
was destructive, it was done only after data collection for all other
sampling methods was completed. Only material that fell within
microplot boundaries was collected. If it extended beyond the
boundary, it was cut off and the in-plot portion collected. We
sorted shrub, herb, and FWD by size class into labelled paper
bags in the field, brought all samples back to the laboratory to
be oven-dried for 3 days at 90◦C, and finally weighed each to
the nearest milligram. The average of the 25 microplot samples
by size class constituted the loading estimates for FWD, shrub,
and herbaceous material in each plot.

For the 1000-h fuels, or CWD, we measured the small-end
diameter, large-end diameter, and length of each piece of debris
greater than 7.62 cm that fell within each of the 25 subplots to get
a 100% inventory of all logs on each site. If a log extended beyond
a subplot boundary, the ends were measured at the boundary to
calculate only the in-plot portion. We also assigned a decay class
(i.e. classes 1 to 5) to each log using FIREMON guidelines (Lutes
et al. 2006).

Photoload FWD plots
(� microplot/reference)

1 � 1 m

Fixed-area plots (1 � 50 m)

Planar intersect lines (50 m)

N

Fig. 3. Sample design for fixed area, planar-intersect, and photoload
methods within each site. Fixed-area strip plots were established along the
northern subplot edge using a width of 1 m. Planar intersect transects were
2 m apart in the north–south and east–west directions. Photoload fine woody
debris (FWD) was assessed in the same microplots that were used to collect
the reference fuel loads.

Sampling techniques for other tested methods
Five strip plots (1 × 50 m) were established at each site to assess
the fixed-area plot technique (see Fig. 3 for placement). The
FWD within each strip was sampled by measuring the length
of each fuel particle (cm) by 1-h, 10-h, and 100-h diameter size
classes within each subplot. The total lengths of debris for all
subplots were then summed by size-class to get totals for the
entire macroplot. The five strips effectively sampled 10% of the
area at each site. Some portions of strip plots had such heavy
fuel accumulations (i.e. the fine woody fuels were greater than
100 particles m−1) that it was impractical to measure every fuel
particle in each diameter size class; therefore, we counted all
fuel particles and multiplied by an estimated average length for
each particle in each subplot strip to get total length to use in the
loading calculations. Lengths for the 100-h fuels and dimensions
of all CWD (small- and large-end diameters and length) were
always measured, never estimated, within the strip.

The sampling design for the planar-intersect technique used
52 line transects that were each 50 m long to estimate fuel load-
ings within the base plot. The beginnings and ends of each of
these transects were located systematically at 2 m intervals along
the outside edges of the plot (see Fig. 3). We tried to minimise
bias from systematic sampling by taking the 1-h, 10-h, and 100-h
samples in different 10-m sections along each of the 52 lines.The
sampling plane was 2 m high with the bottom located at the base
of the litter layer. For the 1-h and 10-h fuels, we assessed loading
by counting the number of intersections crossing the sampling
plane in 5-m sections along each of the 52 transects. For the
100-h fuels, we counted the number of intersections along 10 m
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of plane length and then summed all subplot values to get plot
totals. For the 1000-h fuels, we recorded the diameter and rot
class of each log at the point where it intercepted the sampling
plane for the entire transect length (50 m). To keep sampling
protocols consistent among sites, all planar-intersect sampling
was guided by procedures detailed in FIREMON (Lutes et al.
2006). Shrub and herbaceous sampling were not applicable to
planar-intersect techniques.

The development and evaluation of the photoload sampling
method are discussed in detail in Keane and Dickinson (2007a).
We invited 29 participants to visually estimate loadings of
our six fuel classes using the photoload technique. Estimates
were made within the same 1 × 1-m microplot that was used
for the reference fuel sampling. Each participant was asked
to match the fine-fuel, shrub and herb loading conditions that
he or she observed within each of the 25 microplots to con-
ditions portrayed in a set of downward-looking photographs of
fuelbeds showing graduated picture sequences of increasing load
(Fig. 4a). For the 1000-h fuels, each participant was asked to
estimate load at the subplot (10 × 10 m2) scale, instead of the
microplot, because the subplot best matched the scale of the
photoload log pictures (Fig. 4b). We recorded the total time it
took each participant to complete their photoload estimate of all
six fuel components on all 25 microplots at each site. This time
was used as a measure of efficiency for the technique.The partic-
ipants varied in fuel sampling experience from those with little
or no prior experience measuring fuel loads to those with exten-
sive experience in all phases of fuel sampling. Each was given
a 2-h training session in applying the photoload technique and
in using the photoload pictures to estimate both fine and coarse
fuels. There was not an established crew that worked all five sites
together nor were the numbers of participants measuring loads
constant from site to site.

In addition to applying the photoload technique on the
microplots, as described above, the same participants were asked
to estimate fuel loading within the entire macroplot (50 × 50 m)
using two related visual-assessment methods. First, each par-
ticipant used the photoload sequences to estimate one loading
value for each woody size class using a general walk-through of
the macroplot, which will be referred to in the current paper as
photoload macroplot estimates. Next, they were asked to esti-
mate loadings using the Fischer photo series (Fischer 1981a),
which was specifically created for estimating downed woody
debris in western Montana forests. Participants walked the entire
macroplot and tried to determine which of the oblique pho-
tos most closely matched the observed downed woody debris
conditions. Loadings were assigned to each fuel component
using summaries presented by Fischer (1981a) for each selected
photo. The photo series technique did not assess shrub and herb
loadings.

Calculating loadings for comparative analysis
Reference plots
We standardised the reference loads for 1-h, 10-h, 100-h, live

and dead herb, and live and dead shrub from each microplot to
the base plot by summing the weights from the laboratory anal-
ysis of samples from each microplot by size class and dividing
the total weights by total microplot area. For the 1000-h debris

class, the weight of each log greater than 7.62 cm in diameter
was computed from its volume and its density. Volumes were
calculated as follows:

V = l

3
[(as + al) + √

(asal)]

where as is the cross-sectional area (m2) of the small end of
the log, al is the cross-sectional area of the large end (m2),
and l is the length (m) (Keane and Dickinson 2007a). We used
400 kg m−3 for the density of sound logs in decay classes 1, 2,
and 3, and 300 kg m−3 for the density of rotten logs in decay
classes 4 and 5 because Brown (1974) suggested these densities
for coniferous forests based on experimental work in wood spe-
cific gravity. The 1000-h loadings were also standardised to the
base plot by summing the individual log weights and dividing the
total weight by the total plot area (2500 m2). These log loadings
and the total loadings for fine woody debris, shrubs, and herbs
from the laboratory analyses were combined to represent our
‘actual’ loadings for each site. The values became our reference
dataset to evaluate the performance of all other tested methods on
the plot.

Choosing an appropriate wood density value was an impor-
tant decision for calculating the reference loading values and
the load values for the other methods tested in the present study.
Many of the traditional methods for measuring load assumed that
the density of fuel (kg m−3) was constant across all size classes
and species but different across various classes of decay (Brown
1974). However, research has shown that there are significant
differences in fuel wood density between different species, rot
classes, and size classes (van Wagtendonk et al. 1996). Even
though we measured site-specific wood densities for each of our
sites (Keane and Dickinson 2007a), we did not have the proper
equipment (i.e. a Kraus Jolly specific gravity balance) to get
reliable density estimates for the FWD components. Therefore,
we decided to use Brown’s (1974) density values in all load cal-
culations, which allowed us to focus on results that were due
to differences among methods, rather than due to differences in
density values for each technique.

Other sampling methods
Weights of the 1-h, 10-h and 100-h woody fuel particles for

each 50 × 1-m strip plot were calculated using the same volume–
density procedure described above. The weights were summed
across all twenty-five 10-m sections and then divided by total
strip plot area (i.e. (50 × 1-m strip) × 5 strips = 250 m2) to get
loading values (kg m−2) for the entire macroplot.The diameter of
the fine woody fuel particles was the midpoint of each size class.
The large- and small-end diameters were considered equal. The
length was the total measured length of debris in each size class.

We followed the procedures detailed in Brown (1971, 1974)
to calculate downed woody fuel loadings for the planar-intersect
method. For most FWD calculations, we chose the average
quadratic mean diameter (non-slash) values based on the domi-
nant overstorey tree at the site (see table 2 of Brown 1974). For
FWD on site K4, we used the composite value for mixed-species
overstorey. We also used Brown’s (1974) density values for each
size class.
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Fig. 4. Examples of photoload sequences for (a) microplot estimation of 1-h fuels and (b) subplot estimations of 1000-h fuels (reprinted from Keane and
Dickinson 2007b).
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0.10 kg m�2 (0.45 tons acre�1) Total log length: 1.22 m (4 ft)

Fuel type: 1000 h
Species: Pseudotsuga menziesii (Douglas-fir) 

imitation    Diameter: 15.20 cm (6.00 in)

0.40 kg m�2 (1.80 tons acre�1) Total log length: 5.49 m (18 ft)

0.80 kg m�2 (3.60 tons acre�1) Total log length: 10.67 m (35 ft)

1.00 kg m�2 (4.50 tons acre�1) Total log length: 13.41 m (44 ft)

1.50 kg m�2 (6.75 tons acre�1) Total log length: 20.12 m (66 ft)

(b)

Fig. 4. (Continued)

Loading values for all of the photo-based techniques were cal-
culated in similar ways. Load estimates made at each microplot
were averaged for the photoload method using estimates made
by all participants at each site. Site totals were obtained by sum-
ming the average values for each microplot by fuel class. Range
was also computed to show the variation in loading estimates
at each site. Estimates by all participants at each site were also
averaged to obtain loading values for each photoload macroplot.
For the photo series method, loadings were assigned to each

component based on each participant’s photo choice and then
averaged by site.

Statistical comparisons
Statistical comparisons in the present study needed to account
for two major issues: (1) the different sampling scales used for
each method; and (2) the non-normal distribution of collected
data for most fuel classes. To address the differences in sampling
scales used for each method, the measured loadings from the
reference sample and estimated loadings from the five sampling
techniques were all standardised to the macroplot level by site
as described in the previous section. To address the non-normal
distribution of debris, we used two different procedures. The
first procedure was used only to test (i) how expertise affected
estimates in the photo-based methods and (ii) how a sample
method affected estimates in individual fuel classes (e.g. 1-h
fuels) without separating the fuels by site. We tested each fuel
class for normal distribution and homogeneity of variance using
Q-Q normal plots and Levene’s tests (Levene 1960). Data were
transformed to natural log values in all fuel classes except 10-h
fuels to comply with parametric assumptions of the analysis of
variance (ANOVA) and Tukey’s B tests. Log-transformations of
the 10-h fuel loadings only increased the lack of homogeneity,
so we used the raw data for these comparisons. We used a second
procedure for tests on how the quantity of fuel load at each site
affected the estimates obtained using each sampling method.The
difference between a site’s reference sample and a method’s esti-
mate were computed from actual load data for each of the six fuel
types and for total FWD and CWD.The 1-h, 10-h and 100-h fuels
were grouped as FWD. The 1000-h fuels constituted the CWD.
We calculated a mean error and standard deviation for the FWD,
CWD, shrubs, and herbs from the difference values. We calcu-
lated between- and within-methods standard deviations for the
overall project using a one-way analysis of variance (ANOVA)
with site as the analysis factor. All statistical comparisons in the
current study were considered significant if P was <0.05.

Determining which method might be appropriate for different
sampling applications was most easily evaluated using a rat-
ing scale. Ratings were assigned to each method based on how
closely its loading values matched the reference sample. Ratings
ranging from 1 to 5 were given for total FWD, the 1000-h fuel
class, and the total loading on site. Shrub and herb loadings were
not included individually in the rankings because their loadings
were sampled in only three of the five methods. Loadings that dif-
fered least from the reference sample were given a ‘1’, sites that
were second-best were given a ‘2’, and sites that differed most
were assigned ‘5’.To determine overall ‘best’performance of the
methods for each fuel class, a rank total was obtained by sum-
ming individual rankings over all sites. Low rank totals indicate
that the method was consistently close to the results obtained for
the reference sample for the respective fuel class.

The time needed to complete each technique was directly
compared among methods.The two most time-consuming meth-
ods, namely the fixed-area and planar intersect, were also
evaluated using bootstrapped samples to determine if putting
in fewer lines might improve efficiency without sacrificing sam-
pling error. Bootstrapping is a statistical way to increase sample
size that randomly selects data values from the original dataset
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Fig. 5. Total fuel loading by site (reference samples only).

and creates a new set of observations of specified size. We
used standard, with-replacement bootstrapping techniques in
S-Plus (Insightful Corporation 2003) to create 2000 bootstrap
observations for a range of sample sizes at each site. For the
planar-intersect method, sample size ranged from 2 to 52 lines
(i.e. distances of 20 to 2600 m using a horizontal plane). For the
fixed-area plots, sample sizes ranged from 1 to 25, so sample
areas increased in 10-m2 increments from 10 to 250 m2. For each
fuel class, we calculated the mean loading for the 2000 bootstrap
observations at each sample size, and tested how the variance of
the means changed with increased sample size (see Jalonen et al.
1998 for details). We considered the recommended sample size
for each 50 × 50-m macroplot to be the point where difference
in variance was minimal compared with the effort needed to
add additional samples (i.e. usually the inflection point found
in the graphs). Although we did a bootstrap analysis for each
fuel size class, only the results of the 1-h and 1000-h will be
presented here.

Results

Reference samples
Load totals for the reference samples ranged from ∼0.50 kg m−2

at sites C1 and C2 to 3.95 kg m−2 at site M5 (Fig. 5).Although all
six fuel types were present at each site, the distribution of loading
across components varied by several orders of magnitude among
the sites. At sites C2, K4, and M5, 1000-h logs comprised over
50% of the total load, but site S3 had a majority of its load in FWD
(>73%). Alternately, 1-h fuels, shrubs, and herbs comprised less
than 1 to 7% of the total load at each site (Fig. 5).

Load comparisons
The difference between the estimated loadings of FWD and
CWD for each method and each site’s reference totals are shown
in Figs 6 and 7. The load values and differences are also detailed
by fuel type, method, and site in an Accessory publication to
the present paper (Table A1). Overall, the mean errors obtained
by using each sampling method ranged from −0.30 to 0.14 for
FWD and from −1.76 to 2.02 for CWD. The between-site stan-
dard deviation of error ranged from 0.26 to 1.44 for the FWD,

and from 0.35 to 2.79 for CWD. The within-site standard devia-
tion was as great as or greater than the between-site deviation for
both FWD and CWD in the photographic-based methods. The
only case where the ANOVA F-value for the between v. within
variation was not significant was in the photoload macroplot
FWD. Shrub and herb differences for the photoload and photo-
load macrolot methods also varied as much between sites as
they did within sites, but the absolute difference between most
of these means was <0.05.

When the fuels types were examined for statistical differ-
ences among methods without separating the fuel data by site, the
differences between the reference sample load and the method
estimates were not statistically significant. However, there were
significant differences within the 1-h to 1000-h fuels between
the photo series and every other method. In each of the fuel
classes, sampling with the photo series method, which was com-
pleted by the same people who did the photoload and macroplot
methods, resulted in a higher mean value for load than any other
estimating method did.

When the actual loadings of each method were ranked accord-
ing to how they differed from the reference sample, each method
had some fuel-size classes that were estimated better than oth-
ers (Table 1). The fixed-area plot captured FWD most closely to
the reference sample in four of the five sites. It, therefore, had
the best overall ranking (i.e. lowest total) for the FWD fuels.
The planar intersect and photoload captured FWD moderately
well. The photoload macroplot (walk-through) and photo series
methods were the least similar to the reference sample. In gen-
eral, the photoload method usually underestimated FWD at a
site whereas the photo series consistently overestimated all fuel
classes (Table 1). The 1000-h fuels (logs) were best captured
by the planar-intersect or photoload methods, except at site K4
where the photoload macroplot walk-through estimate of load-
ing was closest to the reference load. Both the planar-intersect
and photoload microplot method ranked well whether sites had
high or low loads of CWD. Each site showed some degree of
CWD clumping because, within the site, individual strip-plot
lines differed in log load by up to 10-fold (e.g. sites C2 and M5).
Overall, the planar intersect, with its 52 sample lines, best cap-
tured the different fuel classes and the spatial distribution of load
on each of the five sites (Table 1).

The photographic-based methods, including the photoload,
the photoload macroplot walk-through, and the photo series,
were affected to varying degrees by a participant’s prior experi-
ence in measuring fuels (i.e. whether they considered themselves
an expert, intermediate, or novice) and by the amount of fuel
loading on each site. In general, most participants tended to
underestimate fuels at each site with photoload (see Accessory
publication, Table A1). ANOVA showed that the photoload esti-
mates differed significantly from the reference samples within
the 10-h and 1000-h fuels even for the experts (Table 2). Differ-
ences among the expertise levels themselves were not significant
at any site using this technique. For the photoload macroplot
technique, statistically significant differences occurred mainly
within the 1000-h fuels, but differences in estimating some of
the finer fuels (1-h and 10-h) were also significant at some sites
(Table 2). For the sites where Tukey’s method could distinguish
which group was different, all of the differences found using the
photoload macroplot technique occurred between the reference

http://www.publish.csiro.au/?act=view_file&file_id=WF07003_AC.xls
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and the expertise levels. Only site S3 had significant differences
among expertise levels for the 1000-h fuels (Table 2). In contrast
to the photoload or photoload macro methods, the photo series
estimates had significant differences among expertise levels for
the 1000-h fuels (Table 2). The groups that differed depended

on site, but most of the differences were between (i) expert and
intermediate and (ii) intermediate and novice (Table 2). Only M5
had significant differences between expert and novice. At two of
the sites, differences were detected but there were not enough
participants in one of the expertise groups to evaluate which
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group caused the differences. In general, on sites with low accu-
mulations of downed woody debris, participants who considered
themselves experts in measuring fuel loads picked photos within
the photo series that more closely matched the reference sam-
ple values than novices did. At sites with high accumulations

of debris (S3 and M5), however, experts did not estimate either
FWD or CWD load significantly better with the photo series
photographs than novices did (Table 2).

For planar-intersect and fixed-area methods, bootstrapping
samples of incrementally increasing size showed that, in most
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cases, sample intensity could be significantly decreased for all
fuel classes (Fig. 8). For the planar-intersect method, which
was sampled with 2500 m of line, most fuel classes would
be adequately sampled using 750 to 1000 m of transects. Fine
woody debris may require only 50 to 75 m and the very small 1-h
fuels might be adequately sampled within a 50 × 50-m site using
a 25-m sample line (Fig. 8). The sample size on the fixed-area
plots (see Fig. 8, M5) might also depend on the total fuel load on
the site. The 1-h fuels appeared to be adequately sampled using a
30 to 50 m2 area (i.e. 2% of the total area) for most sites. At sites
with very high fuel loads, samples may require 100 to 150 m2, or
6% of the total area. These trends were similar in all of the FWD,
shrub, and herb fuel classes that we tested with bootstrapping.
For the 1000-h fuels, only 50 m2 might be needed for sites with
low fuel load whereas 100 to 150 m2 might be needed for sites
with high fuel loads (Fig. 8).

We tested for bias among the methods using the predic-
tion error framework described by Freese (1960) and Reynolds
(1984). Within this method, the difference between the reference
and estimate (termed error) for each method is averaged. Bias
is present if the mean error (i.e. average of the differences) falls
outside of the range predicted by the 95% confidence interval for
the samples. We found no bias in methods for either the FWD or
CWD estimates even though some of the methods had relatively
high standard deviations. The mean errors between methods for
FWD ranged from −0.30 to 0.14 with standard deviations of
0.26 to 1.44. The mean errors for CWD ranged from −0.09
to 2.02 and standard deviations ranged from 0.35 to 2.79. The
highest CWD standard deviations came from the fixed-area and
photo series methods (2.79 and 2.66, respectively). The highest
within and between standard deviations came from the photo
series (5.10 and 2.66).

Discussion

Matching the appropriate fuel sampling technique to a specific
management objective is probably one of the most complicated
tasks in designing effective fuel sampling programs. Not only
are there several sampling techniques to choose from, but fuels
are highly variable across scales. Loadings from individual plots
differ from stands where the plots were located, which will also
differ from their respective landscapes. Developing sampling
designs that accurately capture that variability is difficult (Van
Wagner 1968; Pickford and Hazard 1978). Although each of the
fuel sampling techniques discussed here provides some mea-
sure of loading by fuel component within an area, choosing
one method for use in a sampling program while rejecting oth-
ers inevitably involves important tradeoffs between accuracy,
time, money, training, scale, and effectiveness. Before mak-
ing such decisions, program managers must consider whether
the sampling protocol will (1) meet specific program or study
objectives; (2) be appropriate to measure the fuel component
of interest; (3) scale to the appropriate spatial area; (4) work
within the topographic and visual constraints of the study area;
(5) be appropriate for the forest type and its disturbance history;
(6) adequately capture the spatial distribution and amount of
debris pieces on site; and (7) be implementable within resource
limits available for the project. Choosing the most appropriate
sampling method to meet these objectives is not straightforward.
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Fig. 8. Effect of sample size on the variance of each sample mean in planar-intersect and fixed-area sample methods for select fuels. (a) Planar intersect
1-h fuels; (b) planar intersect 1000-h fuels; (c) fixed-area 1-h fuels; and (d) fixed-area 1000-h fuels. Similar results were obtained for other fuel types.

Studies that compare fuel assessments on the same sites using
a variety of methods are critical to guiding these decisions. The
present study makes these comparisons for a greater variety of
fuel types than has been done in the past.

Fire management agencies commonly use photo series for
fuel assessment because the technique is easily taught, the pho-
tos are easily created, and it is easily implemented. It is also a
rapid assessment technique. Generally, photo series estimates of
fuel load take approximately 5 min to complete. However, Lutes
(1999) found that these sampling times could more than double
under certain fuel load conditions and that the loading estimates
were not repeatable across sampling personnel and across sites.
Lutes (1999) also found that the photo series did not quantify
large downed woody debris well. In the present study, we found
that loadings obtained using photo series were the least similar
to the reference sample in all CWD and most FWD categories.
For the forest types examined within this montane landscape,
personnel consistently overestimated fuel loading in the 1-h to
1000-h fuel classes with the photo series, especially when a site

had high fuel loads (>2 kg m−2). Estimating fine fuel loadings
is especially difficult using the oblique photographs because the
pictures often inadequately portray conditions at the fine scale –
fine fuel components are indiscernible or obscured by ground
vegetation within the pictures. Some photos even portray vege-
tative cover that obscures the 1000-h logs. Even though shrubs
and herbs may be abundant enough to hide the downed woody
fuels in some photographs, they cannot be included in a site’s
fuel load calculations because fuel loadings for herbs and shrubs
were not estimated or summarised for the Fischer photo series
that was created for these western Montana forests. Therefore,
these forest components, which may be very important to assess-
ing fire hazard or wildlife habitat, cannot be realistically assessed
using these photo guides.

The advantage of fixed plot sampling is that data or fuel
components can be collected using a single-sized plot frame
or nested plot frames of varying sizes. Nesting sampling frames
enables the investigator to study loading at a scale that is appro-
priate to each study. The fixed-plot method has historically been



376 Int. J. Wildland Fire P. G. Sikkink and R. E. Keane

considered the most accurate and unbiased method for sampling
fuels (Harmon and Sexton 1996). Some studies have found no
significant differences between results obtained with fixed-area
plots and those obtained with a line transect for CWD (Lutes
1999; Herbeck 2000). However, Bate et al. (2004) found that
fixed-area plots were ‘more efficient and precise’ than line tran-
sects for log variables that were important to wildlife use. Bate
et al. (2004) and Lutes (1999) both found that fixed-area plots
measured logs more efficiently than line transects. In the present
study, we found that the five 1 × 50-m strips were not scaled
appropriately to capture both fine fuels and clumped CWD
equally well. The fixed-area plots captured FWD extremely well
when compared with the reference (clipped) samples, but the
1000-h log load was overestimated at all sites (Fig. 7). The dis-
crepancy in capture ability may indicate that two plot sizes may
be necessary to sample the entire range of surface fuels well.
CWD may need to be sampled with wider strips, such as the
2-m wide strips used by Bate et al. (2004), to adequately capture
the larger fuel sizes or clumped fuel loads.

When we compared loadings from the fixed-area plots with
the planar-intersect loadings, we found that fixed-area estimates
were always lower than planar transect estimates for the 1-h and
10-h fuels and closer to the reference loading. For the 1000-h
fuels, the fixed-area estimates were usually greater than the pla-
nar transect estimates. Unlike Woldendorp et al. (2004), who
found that the fixed-area plot measured CWD better than line
transects when loads were relatively low and their variability was
high in Australian woodlands, we did not find that the variations
in loading values using either of the techniques corresponded to
the total amount of loading on a site for any of the size classes.
The differences between the reference samples and the fixed-area
samples, and the fixed-area and transect methods, were highly
variable among size classes and among sites.

In terms of efficiency, we found that the five sites required a
significant cost in effort and time to sample the five 1 × 50-m
fixed-area strips well. Experts in fuel sampling took 60–120 min
to sample each strip with sites having more load requiring the
longer times. Bootstrap techniques showed that the sampling
intensity could have been reduced approximately by half (i.e.
100–150 m2) with little loss in the variance of the mean, but
this might not be the case in other forest types. These sample
times also did not include assessments of herbs, shrubs, duff or
litter loading. If these elements are important as inputs to fire
models or for evaluating objectives for a management area, then
more time would be required to completely sample each site.
The fixed-area method also requires a moderate amount of pre-
sample training before it can be implemented correctly, although
learning how to terminate debris counts at strip boundaries and
tally and record lengths of every piece of debris in each size
class takes less time than learning how to correctly set up and
apply the planar-intersect method. Because they are so time-
intensive and tedious, fixed-area plots are used most frequently
in research – not in standard inventory or monitoring projects.
Depending on the focus of the study and the spatial arrangement
of different fuel types within a site, however, fixed-plot methods
may be more appropriate to answer questions on fine fuels than
any other method examined in the current study.

The planar-intersect method is perhaps the most commonly
used sampling technique for estimating fuels for inventory

applications. Implementing the procedure is easy. It requires
nine simple steps and learning some tally rules (Brown 1974).
Novice field technicians easily grasp the procedure with minimal
training, and results are moderately repeatable (Hazard and
Pickford 1978; Pickford and Hazard 1978). Like the fixed-plot
technique, the planar-intersect method can be easily scaled to
match the sampling unit and fuel conditions. Adjustments to the
technique are also simple. They can usually be made by just
altering the length of the sampling plane. Like photo series, the
planar-intersect method only measures downed dead woody par-
ticles and other methods must be used to estimate loadings of
shrubs, herbs, litter, or duff (Brown et al. 1982). The planar-
intersect method captured loadings for the 1-h to 1000-h fuels
on the five different sites better than any other method examined
in the present study. Unlike the fixed-area method, which only
described FWD loadings well, the planar method sufficiently
captured loading for several fuel types (Table 1). The cost of this
accuracy, however, was a significant input of time and effort.
It took 100 to 180 min for expert samplers to complete the 52
transects used at each site (i.e. 2.0–3.5 min per transect). Boot-
strapping indicated that, in these particular locations, each fuel
class could have been adequately sampled with around fifteen to
twenty 50-m transects (750–1000 m). However, our results also
indicate that optimal transect lengths depended on (1) the fuel
class of interest; and (2) the overall coverage of downed woody
debris at the site (Fig. 8). For example, the 1-h fuels may have
been adequately sampled with 10 to 75 m, but the 1000-h fuels
could require up to 1000 m (Fig. 8a, b). Likewise, sites with
higher overall fuel loads, such as S3 and K5, required more tran-
sects to reduce variance than sites with relatively low fuel loads
(see Fig. 8a). Our findings disagree with Pickford and Hazard
(1978), whose computer simulations of line-transect sampling
that found ‘sample size should decrease proportional to increases
in density of pieces in the population’ (p. 482). Whereas their
results were based on oriented, randomly spaced debris pieces
of uniform size and shape, our results are based on actual sam-
pling of non-uniform debris whose spatial distributions are often
clumped. Based on our results, we recommend using between
250 and 750 m of transect line for each 1 kg m−2 of load on a
site when using the planar-intersect method and using the longer
lengths with higher fuel loads (Fig. 8a, b). This sampling inten-
sity means that sampling time would require up to 45 min per
plot, which might be too long for many sampling efforts. In other
landscapes with high piece density or highly variable fuel load,
the length of these sampling transects may have to be increased
even more to capture loading characteristics adequately. If so,
time and effort would increase proportionally with each added
sample transect.

The photoload technique (at the microplot and macroplot
level) is a relatively new fuel assessment technique for estimating
fuels quickly and accurately (Keane and Dickinson 2007b).
We found that photoload consistently underestimated FWD and
CWD at most sites (Figs 6 and 7) and underestimated total
fuels by an average of 0.18 kg m−2 (Table A1). Keane and
Dickinson (2007a) evaluated bias within the photoload method
itself and found that absolute bias depended on which fuel com-
ponents were examined. Specifically, they suggested that some
bias may have been introduced by inadequate training for each
participant – people needed better calibration for the visual
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comparisons. Using our error framework tests at the macroplot
scale, the photoload methods were not biased compared with
other sample methods. Compared with the reference samples,
photoload estimated load much better than the photo series. As
a detailed assessment, it estimated FWD and 1000-h fuel load
almost as well as the 52 lines of the planar intersect in much
less time. It did not describe total debris loading as well as the
planar-intersect method, even though the intersect method lacks
the estimates of shrubs and herbs included in the reference and
photoload totals, but it could be used if time and resources for
sampling are limited or if loadings for herbs and shrubs are
important to management goals.

The photoload method is easily scalable to any plot size
and sampling design by changing grid size within the sample
area and visually comparing the fuel cover within each pho-
tograph with the cover observed in each new grid. Because the
fuels are photographed by fuel component and each fuel compo-
nent is portrayed across several loading levels, the photographs
are much more appropriate for estimating site loads at vari-
ous scales than estimating with a photo series where individual
components like FWD are not directly visible. The technique
required more training to implement than any of the other meth-
ods examined in the present study because it is so new (Keane
and Dickinson 2007b) but the concepts underlying the method
were not hard for novices to grasp and training the eye to dis-
cern small variations among pictures did not take longer than
1 h. For the current study, we averaged the estimates of partici-
pants of various skill levels to get loading results that we could
compare with the other techniques.This, in effect, created an esti-
mate that reduced the influence of extreme values from novices
and experts alike, although, as Table 2 shows, expertise in fuel
sampling was not highly significant for either photoload or the
photoload macroplot at the site scale. The multiple-participant
approach would probably not be an option for a single manager
in standard inventory or monitoring studies, but it has been used
in some vegetation studies (Thorne et al. 2002). Once personnel
are trained using photoload, the advantages of this technique are
that (1) each fuel component in the plot can be visually iden-
tified and individually assessed; (2) it is a relatively easy and
quick method for collecting detailed fuel data in all six fuel cat-
egories; and (3) the estimates are somewhat repeatable (Keane
and Dickinson 2007a). Depending on fuel sampling expertise,
implementation on a 1 × 1-m plot took 5.0 to 7.5 min for all
six components. Total time to complete the microplots for each
site was 125 to 190 min. At this time, the main disadvantages
of using photoload are (1) the loading representations for shrub
and herbaceous species are extremely limited; and (2) new cal-
ibrated photographs must be created for each fuel type if it is
used in forest types that are very different from those examined
in the present study.

The photoload macroplot method (walk-through) has many of
the same advantages and disadvantages as the photoload method
but it is much faster to implement. It uses the same picture set
as photoload, but visual estimates of fuel loading can be made
for the entire site in only 6 to 7 min. Because the results were
not statistically different than using photoload or any of the other
tested fuel-assessment methods, it may be as viable an alternative
to estimating load as any other if time and money are minimal.
Participants using the technique neither consistently over- nor

underestimated sites with low or high fuel loads. They estimated
FWD as well as the photo series, and logs much better than
with the photo series. They could also assess shrubs and herbs.
As with the photo series, the tradeoff for rapid assessment using
this technique was less accuracy in general, but, at some sites,
participants were able to match references loadings fairly well
(see Table 1, C2, K4). This technique will require considerably
more study to determine if individuals consistently estimate as
well with it as with photoload (Keane and Dickinson 2007b).

Although the error-prediction tests on the fuel-sampling
methods did not show bias within any of the sampling meth-
ods, the results for the photo-based techniques may have been
influenced by the order in which they were sampled. Using the
more detailed photoload technique first could have resulted in
preconceived notions for participants of what later photo esti-
mates should be. Estimating each of the six fuel components in
the microplots first may have also calibrated participants’ eyes
and enhanced their ability to estimate load in the later meth-
ods more accurately. The increased experience in comparing
pictures with site conditions probably also affected the time par-
ticipants took to make later photographic estimates that required
similar visual comparisons. In any case, the sampling order used
in the present study probably served to make the photo macroplot
and photo series estimates more ‘accurate’ and efficient than
they would have been if the sampling order had been completely
random.

Obviously, the small number of plots (five) used in the current
study limits statistical power and restricts how well the loading
results may apply to other forested areas outside western Mon-
tana fuelbeds. The small size is indicative, however, of sizes that
are used in real applications of these methods. Another limita-
tion of the study is that the measured fuel loadings that were
used as reference for comparing the methods may have influ-
enced the comparison results. The only fuel component that was
measured in its entirety within each macroplot was logs (1000-h
downed woody debris). For all other fuel components, we used
a subsample approach that, in effect, sampled only 1% of the
total macroplot area. We used the subsample approach for the
reference because it was costly and difficult to clip, collect, dry
and weigh all fuels across the entire macroplot on all sites. As
a result, the reference estimates of fine fuel components may
not have adequately described plot-wide fuel loadings. In the
present study, we assumed that the reference conditions were the
‘actual’ loadings, when, in fact, they were also a subsample of
the macroplot. It is also obvious from the results of the current
study that the high variability of fuels on the landscape (Fig. 5)
is the most critical issue to address when designing sampling
projects. Fine fuels may compose a relatively small proportion
of the loading compared with 1000-h fuels, but they can vary so
much across a macroplot that few techniques have superior abil-
ity to measure them precisely. At the landscape scale, the relative
proportion of load in each individual fuel component, such as
1-h fuels, varies considerably and the total fuel load vary even
more (see Fig. 5).The implication of this phenomenon is that it is
difficult to craft a sample design that efficiently samples all fuel
components at the same level of accuracy and precision. Future
research in fuel sampling and classification should address the
disparate variability across fuel components and scales in the
sample design and account for it in the product.
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Although results of the present study cannot and should not
be applied to every forest type, they do provide an indication of
the tradeoffs involved when using each of these sampling tech-
niques in a sampling program. The tradeoffs in time, money,
and effort associated with each sampling technique must always
be balanced with project objectives and resources. Studies that
compare a technique’s accuracy and precision, and specifically
address these resource tradeoffs, are very important to assessing
how well newly developed methods like photoload will perform
for research and management. More importantly, they are cru-
cial to developing more targeted approaches to sampling fuels
worldwide.

Management recommendations

Although the differences in fuel load found among the methods
tested in the present study may not be large enough to affect
computer simulations or systems modelling, they are signifi-
cant in terms of sampling efficiency and rectifying the scale of
sampling to the scale of fuels distribution. We recommend that
managers determine an acceptable accuracy for their sampling
programs and select a sampling method that is appropriate to
their study objectives and to their precision limits. We also rec-
ommend that managers consider the distribution of their fuels
in both the plot and the landscape to determine if more than
one type of method might be appropriate for sampling them (i.e.
sampling FWD with a strip plot and logs with photoload). We
do not recommend changing methods or changing plot sizes
just to save time or money in already established long-term
monitoring programs.

We recommend that the planar-intersect technique continue
to be used when measures of fuel loadings require high preci-
sion and accuracy, but we also recommend that the total length
of transects increase to improve loading estimates from planar-
intersect sampling. For example, FIREMON (Lutes et al. 2006)
recommends three to seven 20-m transects for sampling logs
on a macroplot (60 m total length). Our results show at least
180 m of planar intersect should be used to estimate the load of
logs on 1/4 ha. The photoload technique may be a viable sam-
pling alternative to planar intersect. It is faster, easier to use,
and had approximately the same bias as the planar intersect in
the current study. However, the photoload technique is new and
warrants additional study before widespread implementation in
other vegetation types. Photo series also have their place in fuel
management, but the loadings estimated from the photos com-
prising the photo series in this area of the Rocky Mountains
do not adequately represent the sample site, so it is difficult to
recommend using them. Managers should consider more time-
intensive sampling methods or independently evaluate how well
the photo series for their area works for their objectives to ensure
that the data they are getting for fuels is accurate enough for
their needs.

Accessory publication

Table A1. Comparing fuel load totals at five montane-forest
sites using five fuel-sampling techniques

This table is available from the International Journal of
Wildland Fire website.
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