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Abstract Sedimentary charcoal analysis is increasingly used in archaeological and paleoecological research to examine
human-environmental relationships at multiple scales. The recent availability of low-cost digital microscopes and imaging
software has resulted in the rapid adoption of digital image analysis in charcoal studies. However, most published studies
include only minimal accounts of software configurations or utilize proprietary image analysis programs, thus hindering
replication, standardization, and comparability of charcoal analyses across the field. In an effort to encourage replicable
methods and a culture of open science, this paper presents the Charcoal Quantification Tool (CharTool), a free, open-source
suite of charcoal and sediment quantification tools designed for use with Imagel. CharTool blends standard methods in
visual and digital charcoal analysis to increase the analyst’s participation in identifying and measuring charcoal metrics. Each
CharTool module is described and demonstrated in a vignette using sedimentary charcoal collected from the Son Servera
study area, Mallorca, Spain. A suggested workflow, user-guide, scripted analyses for processing outputs, and download
instructions are included as supplementary materials to this article.
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Introduction

Sedimentary charcoal is the primary proxy used in
reconstructing past fire activity (Whitlock and
Anderson 2003). Charcoal accumulation observed at
multiple spatial and temporal scales can provide
insights into the bio-climatic drivers of landscape fire
and regional vegetation dynamics (Whitlock and
Larsen 2001), as well as anthropogenic influences on
fire and fuel dynamics through intentional burning
(Bowman et al. 2011), fuel wood harvesting practices
(Nelle et al. 2013), and other long-term human-
environmental relationships (Bliege Bird et al. 2018).
Visual counts and measurements at low magnification
remain the standard method for quantifying charcoal
fragment abundance across multiple disciplines
(Whitlock and Anderson 2003). In recent years,
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greater access to digital microscopes and image
analysis software has presented new opportunities for
the development of digital charcoal quantification
procedures (Halsall et al. 2018; Hawthorne and
Mitchell 2016; Thevenon and Anselmetti 2007).

Most digital charcoal analysis relies primarily on
greyscale video or still images to isolate and quantify
optically dense (i.e., dark-colored) charcoal fragments
(Halsall et al. 2018). While the functional advantages
and disadvantages of automated and digital charcoal
analysis have been evaluated in the literature (see
Whitlock and Larsen 2001 for an overview), there has
been relatively little engagement with the specific
challenges (e.g., digital data creation, access, and
curation) associated with digital data generated
through these methods. To exacerbate these issues,
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often-minimal descriptions of software configurations
and the use of paywall-protected and proprietary
image analysis software programs prevent replication,
standardization, and comparability of charcoal
analyses across research projects.

Limitations such as these are the focus of the
growing interdisciplinary open science movement in
the paleoecological (Williams et al. 2018a),
archacological (Marwick et al. 2017), and paleo-fire
science communities (Aleman et al. 2018). Open
science seeks to encourage new norms in research that
emphasize data stewardship, analytical transparency,
and reproducibility through practices of open access,
open data, and open methods (Bartling and Friesike
2014; Marwick et al. 2017). In an effort to align digital
charcoal analysis with the principles of the open
science movement, this paper presents the Charcoal
Quantification Tool (CharTool), a suite of charcoal
and sediment quantification tools designed for use
with Image] (Schneider et al. 2012), a free, open-
source image and video analysis program. CharTool is
not an automated procedure for identifying charcoal
fragments. Rather, it is an open and flexible suite of
tools for charcoal analysis that blend standard visual
protocols (Schlachter and Horn 2010; Whitlock and
Anderson 2003) and Image] functions common in
digital methods (Halsall et al. 2018) to assist an analyst
in quantifying charcoal abundance, fragment size, and
shape metrics. CharTool also includes an optional
workflow for an analyst to digitally record charcoal
morphotypes and modules designed to quantify
sediment properties, such as sediment color and mean
clast size, from cores or excavated contexts. CharTool
is freely available!, utilizes scripted modules for both
transparency and user-customization, and offers a set
of standardized tools that can generate comparable
datasets across multiple projects.

Previous Methods for Quantifying Charcoal in
Archaeological and Paleoecological Research

Visual and Antomated Methods for Quantifying Charcoal
Fragments

Traditional methods in microscopy for quantifying
charcoal abundance rely on charcoal fragments’ visual
properties (e.g., opacity, color, planar shape, visual
anatomical, and cellular structures) and physical
properties (e.g., fragility and breakage pattern) to
make them distinguishable from minerals, insect
exoskeletons, or other plant tissues under
magnification (Scott 2010). Common procedures
consist of visually or physically isolating charcoal
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fragments from sampled sediments and quantifying
abundance by a count, area, or mass (Schlachter and
Horn 2010; Whitlock and Larsen 2001). Quantifying
additional charcoal attributes, such as size class or
fragment length, is accomplished using a stereoscope
fitted with a measure scale (Ali et al. 2009).

In the early 1990s, Horn et al. (1992) proposed
automated digital image analysis as an avenue for
improving the speed and replicability of quantifying
charcoal abundance, including measures of both
charcoal count and area. Eatly applications of
automated analysis were limited, as they required
specialized  microscope-mounted  cameras  with
computer connectivity, proprietary imaging software,
and multiple calibration trials to accurately isolate and
quantify micro-charcoal (< 150 pm) fragments (Earle
et al. 1996; Horn et al. 1992). Today, access to greater
computing power, higher resolution digital images,
and a wider array of image analysis software has made
automated and digital charcoal analysis increasingly
common (Crawford and Belcher 2014; Springer et al.
2012). Scientists using these methods indicate that
they can be faster than visual methods (Whitlock and
Larsen 2001), can measure multiple metrics (Table 1),
such as fragment size class, aspect ratio, area, or
volume (Al et al. 2009), and may be more accurate in
quantifying micro-charcoal particles (< 200 pum) in
some contexts (Halsall et al. 2018).

But the benefits of digital, automated image
analysis should be considered within the context of its
limitations. Automated analyses commonly rely on a
single greyscale threshold value to determine the
presence and shape of dark colored charcoal
fragments within a sample (Thevenon and Anselmetti
2007). However, removing an analyst’s discretion and
expertise to single out charcoal fragments can lead
automated methods to misidentify dark or opaque
non-charcoal particles as charcoal (Whitlock and
Larsen 2001). Additionally, these methods may also
underestimate charcoal fragment area or shape due to
lighting conditions that lead to detection of darker
colors within the center of charcoal fragments scaling
to lighter colors at the edges. These processes may
result in the non-detection of small fragments or
misdetection of the edges of larger fragments
(Hawthorne and Mitchell 2016). Unfortunately, the
use of proprietary software or unpublished open-
source software configurations poses challenges in
improving these existing digital methods and analytical
workflows.
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Table 1 Descriptions of metrics collected by CharTool in the charcoal fragment quantification and morphotype recording
module. Description adapted from ImageJ User Guide (Schneider et al. 2012).

Metric Description

Area Area of selected pixels in calibrated units

Min Minimum greyscale value

Max Maximum greyscale value

Perimeter Length of outside boundary of selected pixels in calibrated units

BX X-coordinate of upper left corner of the smallest rectangle enclosing the selected pixels

BY Y-coordinate of upper left corner of the smallest rectangle enclosing the selected pixels

Width Width of smallest rectangle enclosing the selected pixels

Height Height of smallest rectangle enclosing the selected pixels

Major Length of the primary axis of the best fitting ellipse enclosing the selected pixels

Minor Length of the secondary axis of the best fitting ellipse enclosing the selected pixels

Angle Angle (0—180 degrees) of the primary axis of the best fitting ellipse enclosing the selected pixels

Circularity Calculated as 4m x area + perimeter’; A value of 1.0 indicates the selected pixels are a perfect circle;
As values approach 0.0, the selected pixels are increasingly elongated

Feret Feret's diameter of the selected pixels, which is the longest distance between any two points along
the selection boundary

FeretX Starting X-coordinate of the selected pixels Feret's diameter

FeretY Starting Y-coordinate of the selected pixels Feret's diameter

FeretAngle Angle (0-180 degrees) of the Feret's diameter of the selected pixels to a line parallel to the x-axis of
the image

MinFeret Minimum caliper diameter of the selected pixels

Aspect Ratio
best fitting ellipse

Aspect ratio of selected pixels; calculated as the major (primary) axis / minor (secondary) axis of the

Round Roundness of selected pixels; calculated as 4 x area + (1 x major (primary) axis?)

Solidity Solidity of selected pixels; calculated as area/convex area

Rectangularity

Calculated as Perimeter + ((Width + Height) x 2); A value of 1.0 indicates the selected pixels are a

perfect rectangle; As values approach 0.0, the selected pixels are increasingly circular; As values
surpass 1.0, the selected pixels are increasingly irregular in shape

Open Science and Digital Data in Archeology, Paleoecology,
and Paleo-Fire Sciences

Open science is not, strictly speaking, a series of
methods, standards, or a publication style. Rather,
open science is a fundamental change in the culture of
creating knowledge that opens the process to a
diverse and emergent community of stakeholders,
each with their own wvalues, priorities, and
relationships to each other and the public (Bartling
and Friesike 2014). This multidisciplinary discourse
has coalesced around several central themes: 1) open
tools for scientific collaboration, 2) open data for
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comparison and replication, and 3) open access to
datasets, results, and the knowledge-creation process
(Faniel et al. 2018; Marwick 2017; Williams et al.
2018b).  Scholars  within the multidisciplinary
paleoenvironmental science community, including
archaeology, paleoecology, and paleo-fire science,
have critically engaged with these themes, adapting
them to the specific challenges associated with the
incompleteness of our datasets, the often-destructive
nature of our data collection, and inter-dataset
comparisons or syntheses needed to track long-term
global environmental change (Faniel et al. 2018;
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Williams et al. 2018a). As the community moves
toward a culture of open science, we must consider
the specific imperatives for digitized and born-digital
data, together with the tools, methods, and analyses
we apply to them.

Open data creation and digital data curation
present multiple opportunities for the paleoenviron-
mental science community to eliminate much of the
opacity surrounding digital datasets and amplify their
ability to be shared, re-used, and reanalyzed. Open
data creation and curation emphasize broader access
to analytical tools and methods, in addition to the
data they generate, through the use of free and open-
sourced software, scripted analyses (such as analytical
sequences written in R or Python), and data
repositories. Not only does this approach provide
greater equity in access to scientific tools and data for
institutions around the globe without the resource
capacity for equipment or technological expenditures,
but it encourages greater research reproducibility and
accountability (Marwick 2017). These efforts are
already underway in multiple disciplines; data
repositories are currently curating and sharing data in
archaeology (e.g., tDAR [McManamon et al. 2017];
Open Context [Kansa et al. 2020]; Archaeology Data
Service [Wright and Richards 2018]), paleoecology/
palynology (e.g., Neotoma Paleoecology Database
[Williams et al. 2018b]; European Pollen Database
[Fyfe et al. 2009]); and paleo-fire science (e.g., Global
Paleofire Database [Aleman et al. 2018]). These
repositories represent substantial efforts toward data
standardization and metadata creation that greatly
amplify the potential for long-term data interpretabil-
ity and re-usability (Marwick 2017), in addition to
providing opportunities for large-scale synthesis
(Hantson et al. 2010).

Unfortunately, many of the published methods
and workflows for both visual and digital charcoal
analysis do not align with the strategies for open data
creation and data curation. A review of published
charcoal analyses using digital methods reveals that
most studies utilize 1) closed-source or proprietary
software (Crawford and Belcher 2014; Horn et al
1992; Thevenon and Anselmetti 2007); 2) open-
source software without accessible code for
customized features  (Springer et al. 2012;
Umbanhowar Jr. and McGrath 1998); 3) limited
descriptions of how image analysis or other
automated methods were used to quantify charcoal
(Halsall et al. 2018; Hawthorne and Mitchell 2016);
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additionally, 4) no studies included access to curated
digital data or scripted analyses via supplemental
information or a digital repository. To meet the
challenges of open science in charcoal analysis,
current digital methods should be adapted to employ
open-source software, replicable workflows, and
integration with digital repositories for streamlining
the transition from digital data creation and data
curation.

Introduction to CharTool and Descriptions of
Modules

The CharTool suite of tools for Image] addresses
these limitations by providing a standardized, digital
workflow for quantifying charcoal fragments and
sediment  properties,  scripted modules  for
transparency and customization, and data preparation
for upload into a digital data repository. CharTool
operates as a macro extension for Image] and can be
customized using Image]’s scripted macro language
(see Image] developer information; Rasband 2018).
Image] is a freely available, open-source program used
for scientific image analysis. Originally introduced in
1987 as a simple yet powerful program for biological
imaging on personal computers, Image] has thrived
thanks to continued hosting of the project by the
National Institutes of Health (NIH) and an open-
access research community interested in adapting and
developing the software for multidisciplinary
applications (as reviewed in Schneider et al. 2012).
Image] is currently used in digital charcoal analysis
(e.g., Chrzazvez et al. 2014; Halsall et al. 2018;
Hawthorne and Mitchell 2016; Springer et al. 2012);
however, these published methods using Image] still
do not provide adequate descriptions of the image
parameters, plugins, or software version used, thus
making replication and comparability difficult.

CharTool is composed of three modules for
measuring charcoal and describing their associated
sedimentary contexts. The modules include: 1) the
charcoal fragment quantification and morphotype
recording module, 2) the sediment color assessment
module, and 3) the expedient sediment grain size
estimation module. Functionally, CharTool occupies a
unique position between traditional visual methods
and digital, image-based methods for measuring
charcoal fragments and sediments by using strategies
from both approaches. For example, the charcoal
quantification module relies on an analyst’s discretion
in selecting charcoal fragments to be quantified before
digitally measuring 21 metrics for each selected
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fragment (Table 1). The sediment quantification
module also requires an analyst’s input to select areas
of interest to summarize color values or sediment
grain sizes from unprocessed or reserved sediments
associated with charcoal samples. Consequently,
ChatTool is best described as a digitally-enhanced
visual charcoal analysis workflow with outputs that
are compatable to both visual selection and digital
measurement methods.

CharTool is designed for use with a USB-
connected digital microscope (with video output) or
microscope eyepiece mounted microscope video
camera. Video microscope output enables an analyst
to deploy a live video feed into Imagef, allowing
CharTool modules and analyses to be applied to a live
display that is adjustable in real time. ChatTool is
currently written for Image] version 1.52k but is
backward and forward compatible with other versions
of Image] on MacOS, Windows, and Linux operating
systems. A description of each CharTool module is
presented below. Each module requires an analyst to
enter metadata for each analyzed sample (e.g., sample
number, analyst name, and depth interval), which is
included when a CharTool result table is exported. All
tables are exported in a comma-separated values (.csv)
file format. Finally, a detailed digital workflow, a step-
by-step user guide for installation and wuse of
CharTool in Image], and R scripts for compiling,
displaying, and uploading results to a digital repository
are included as supplemental information. CharTool,
its source code, and all associated materials are freely
available to download!.

Charcoal Fragment Quantification and Morphotype Recording
Module

This module consists of the primary tools for
quantifying and classifying charcoal fragments in

CharTool and functions using the following steps: 1)
charcoal fragments are visually and/or physically
identified by the analyst in the view window, 2) the
targeted charcoal fragment is then selected by the
analyst using a semi-automated edge-finding
procedure, and 3) 21 metrics are measured and
recorded for the targeted charcoal fragment. This
process is repeated for all charcoal fragments
encountered in a sample. See Table 1 for descriptions
of each metric. The user then has the option to
classify each charcoal fragment into a morphotype
category (Table 2). See Figure 1 for a visual sequence
of this process.

Operationally, this module provides several
improvements over previous charcoal analysis
techniques in Image]. Most previous techniques rely
on fixed greyscale color value thresholding to create a
binary classification of charcoal (darkest pixels) and
non-charcoal (lighter colored pixels) within the image
(e.g., Crawford and Belcher 2014; Halsall et al. 2018;
Hawthorne and Mitchell 2016; Springer et al. 2012).
Greyscale values are substantially influenced by
lighting conditions, variation in charcoal morphology,
and the color of underlying sediment or organic
material, which can lead to high rates of misclassifica-
tion in automated procedures (Whitlock and Larsen
2001). For these reasons, CharTool does not use an
automated procedure. Instead, CharTool requires an
analysis to first identify a charcoal fragment through
the Image] viewing window using standard visual
methods. Upon clicking the fragment, CharTool
creates a selection around its border using an edge-
finding procedure that identifies all connected pixels
of similar greyscale value (Figure 1). Edge-finding
tolerances are adjustable, in real time, for each
fragment, meaning they can be altered based on

Table 2 CharTool morphotype category based on the classifications described in Enache and Cumming (2006).

Shape Modifier Type Description
Geometric Compact Type C Fragments that are compact and angular in shape. No structure or wall porosity
is visible.
Type S/B Fragment that are compact and angular in shape. Structure or wall porosity is
visible, and the charcoal fragment is either fully black (Type S) or partially black
(Type B).
Elongated TypeD Elongated, branch-like fragments with ramifications or spikes.
Type F Elongated, branch-like fragments without ramifications or spikes.
Irregular Type M Fragments that are irregular in shape with highly irregular porosity throughout.

Type P Fragments that are irregular in shape without any visible interior structure.
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Figure 1 Overview of charcoal fragment quantification and morphotype recording module workflow in CharTool. A The
analyst selects a particle they have identified as a charcoal fragment by clicking on it within the ImageJ viewing window. B
After making any necessary adjustments to the selection, the analyst right-clicks to measure the fragment. C ImageJ then
measures 21 metrics and initiates the morphotype selection window. After a morphotype category is selected, the mor-
photype is added to that fragment’s entry in the results table.
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lighting conditions and charcoal color. This method
decreases the likelihood edges or other light-colored
portions of the fragment are excluded and provides
an opportunity for the analyst to manual check the
selection’s accuracy.

Unlike other applications of Image] in charcoal
analysis which use still images (i.e., Springer et al.
2012), CharTool allows an analyst greater flexibility in
identifying and quantifying charcoal fragments by
applying thresholds, edge-finding, and calculating
measurements through a live microscope video-feed.
Manipulating or repositioning the sample using a live
video feed allows for adjustability in the edge-finding
threshold values based on a charcoal fragment’s
relation to background material and assists in
identifying charcoal fragments that might not be
recognizable from a single view or angle. If a charcoal
fragment cannot be easily selected from the
background material through a series of physical
manipulations or changes in threshold values, the user
has the option to manually trace the charcoal
fragment using the freehand selection operation
available through a keyboard shortcut in CharTool.

Finally, CharTool incorporates an optional
charcoal  fragment  morphotype  classification
component for each charcoal fragment that is selected
by the user. Several studies have suggested that
combustion conditions and fuels consumed during a
fire determine the morphology and structure of
charred fragments (Courtney Mustaphi and Pisaric
2014; Enache and Cumming 2006; Jensen et al. 2007;
Walsh et al. 2018). Thus, charcoal fragment
morphology is increasing used as a metric for
estimating fuel sources and intensities of landscape
fires. After the analyst encounters, selects, and
measures a charcoal fragment, the morphotype
classification ~workflow automatically opens a
graphical window with a decision tree for classifying
the fragment into a morphotype category. CharTool
currently uses the morphotype classification system
developed by Enache and Cumming (20006), although
users can update the classification system by
augmenting the current categories or adding
additional morphotypes to suit the needs of their
research.

Sediment Color Assessment Module

This module allows an analyst to digitally assess the
color of unprocessed or reserved sediments associated
with charcoal in cores, excavations, or profile
sampling. Sediment color is related to mineral
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composition, organic matter content, or other
sediment properties; when interpreted alongside
charcoal metrics, sediment color can aid in evaluating
depositional properties related to fire activity (NRCS
Soil Sutvey Staff 1999). Sediment color is often
evaluated in the field or in the laboratory using visual
comparison to a color reference collection (i.e., the
Munsell Soil Color Chart). The digital procedure in
CharTool offers an additional method for assigning
color values by detected color values of each pixel in
the image, thus enabling color descriptions to be part
of a digital workflow.

The sediment color module in CharTool
measures the mean red, blue, and green (RBG) color
values for a selected area of the digital image within
the current Image] viewing window. The module first
individually evaluates the red, blue, and green color
channels in each pixel before aggregating these values
into a final mean RBG value. This process limits the
influence of small variations in color or individual
sediment particles, clasts, or inclusions, and
diminishes the effect of particle shadows on the
overall color values. The RBG output can easily be
converted to hue, value, and chroma attributes within
the Munsell Soil Color system if desired for a
particular analysis or visualization (see R scripts in
supplemental material for an example using the wunsel/
package).

Expedient Sediment Grain Size Estimation Module

Grain size is also an important sediment property
used to evaluate depositional processes and charcoal
preservation (Roos 2015). Common pedological
laboratory procedures for sediment grain size include
dry sediment sieving, hydrometer measurement, and
laser particle size analysis to determine the texture or
proportional percentages of clay, silt, and sand grains
within a soil, sediment, or lithozone (NRCS Soil
Survey Staff 1999). A growing number of paleo-fire
studies are focused on alluvial sequences to evaluate
watershed scale changes in fire history (see Frechette
and Meyer 2009; Roos 2015 for examples); in these
contexts coarse-grained sediment fractions, such
coarse sands, gravels, and pebbles, are indicators of
high velocity deposition and erosion associated with
fire activity in the watershed. In an effort to meet the
needs of alluvial applications of charcoal and sediment
analysis, the CharTool sediment grain size evaluation
module adapts Image]’s particle size analysis workflow
to estimate average grain sizes for sand particles (63
um) or larger. The module allows the user to digitally
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adjust lighting conditions and color thresholds to
identify as many particles as possible within the
current field of view. Once a user-specified minimum
number of particle size measurements are made, the
module exports all of the measurements as a .csv
table. Particle size summary statistics for each sample
can be calculated using R or other statistical software.

R Scripts for Visunalization and Data Curation

Finally, to facilitate replication, data standardization,
and data reuse, a series of R scripts are included with
CharTool to allow an analyst to process CharTool
outputs and visualize charcoal and sediment metrics
in a vertical stratigraphic plot. An optional set of
functions can be used to standardize CharTool
outputs for upload to the Global Paleofire Database
online data repository (International Paleofire
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Network 2020). These scripts are written in R, a free,
open-source language and software for statistics and
graphics, and implemented in RStudio, a free, open-
source integrated development environment for R.
These scripts are well-commented and provide line-by
-line guidance for all scripted analyses related to
CharTool results. See the supplemental information
for R, RStudio, and package versions used in these
scripts.

Applying CharTool to Sedimentary Charcoal
Data: A Vignette from Son Servera, Mallorca,
Spain

As an example of how CharTool may be utilized in a
research context, the following vignette outlines the
integration of CharTool into sampling and laboratory
processing methods common in archaeological and
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Figure 3 Data from Son Servera Probe 1A generated using the charcoal fragment quantification, sediment color assess-
ment, expedient sediment grain size estimation modules in CharTool and plotted using the ggplot2 and cowplot packages in
R. Note that samples between 68—72 cm could not be collected in the field and are omitted from the data below.

paleoecological charcoal analysis. The purpose of this
vignette is to demonstrate the types of data that can
be collected and visualized using CharTool. This
example does not provide a stand-alone or
comprehensive study, nor a step-by-step guide for
using CharTool. For a guide to using CharTool,
recommended workflow, and the scripted R analyses
used to visualize CharTool results and prepate them
for upload to a data repository, the reader is directed
to the supplemental material for this article.

Quantifying Charcoal to Reconstruct Fire History Related to
Land-use in the Son Servera, Mallorca, Spain

In collaboration with the Landscape, Encounters, and
Identity Archaeology (LEIA) Project, an ongoing
landscape archaeology field school facilitated by the
University of Washington (Llobera 2019), a series of
sediment probes were taken throughout watersheds
within the Son Servera study area in northeast
Mallorca, Spain. The objectives of LEIA Project are
to use pedestrian archaeological survey, targeted
excavation, and high-resolution mapping of
monumental sites to understand Iron Age (c. 1100-
550 cal. BCE) settlement intensification, land-use, and
trade in ecastern Mallorca (Llobera 2019). To
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complement the archaeological research, this pilot
paleoecological project is aimed to assess landscape-
scale deposition rates within the watershed and
examine spatial and temporal variation in late
Holocene fire history as it relates to archaeological
evidence for intensifying agricultural land-use.

Probe locations were selected using a landscape-
scale sampling strategy focused on alluvial sediments
in nested watersheds to examine spatial and temporal
variation in fire activity throughout the entire
watershed (See Figure 2 for sampling locations and
watersheds). Probes were placed at natural divisions/
branches in the watershed and in close proximity to
areas evaluated for archaeological surface assemblages.
Priority sampling areas were identified through
geological maps of Holocene alluvial sediments near
watercourses (or forrentes in Catalan) and were limited
to areas with little evidence of recent subsurface
modification or disturbance due to cultivation (i.e.,
trenching, terracing, or filling). Charcoal recovered
from these alluvial sediments represent cumulative fire
activity located upstream of the sample location.
These materials moved downstream due to channel
flow, sheet wash, and other fluvial processes until they
were periodically deposited.
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A 3 cm diameter soil push probe was used to
sample sediments in 2 cm intervals in areas of the
watershed with active deposition (e.g., bases of
hillslopes and alluvial terraces). All sediments
removed with the probe were photographed and
described in the field. A total of four probes were
collected during this study, but for brevity, only Probe
1A (Figure 2) will be discussed in this vignette.

In the lab, sediment samples were subdivided into
2 cm? samples and evaluated for color and grain size
using the sediment color assessment and expedient sediment
grain size estimation modules in CharTool. Subsamples
were then processed for charcoal quantification using
standard protocols outlined in Whitlock and
Anderson (2003). These include deflocculating and
chemically lightening organics using a 3% solution of
H>O» to visually isolate charcoal fragments. Samples
were then wet screened through 150 um sedimentolo-
gy sieves to remove the smaller sample fraction.
Samples were moved to petri dishes and allowed to
dry at room temperature. Once dried, the samples
were analyzed using the charcoal fragment quantification
module in CharTool with a Dino-Lite Pro II 1.3-
megapixel digital microscope at 50x magnification.
The morphotype classification option was not
considered appropriate for the alluvial samples
collected from Son Servera (see Crawford and Belcher
[2014] for an overview on the effects of alluvial
transport on charcoal morphology) and was not
included in this example.

Visualizing and Curating Charlool Results

Figure 3 illustrates a subsample of charcoal metrics
and sediment characteristics that can be collected
using the CharTool. The goals of the LEIA Project
focus on identifying changes in fire history as they
relate to land-use history, so the charcoal metrics
highlighted here are divided into charcoal abundance,
size distribution, shape categories, and sediment
properties to capture any changes charcoal
assemblage or sediment attributes related to changes
in fire frequency, intensity, or spatial distribution. This
figure was produced using the R script, RStudio
project file, and associated packages. These are
provided in the supplemental material, along with the
original data collected using CharTool, for the reader
to use to replicate Figure 3.

To ensure that these data will be accessible and
comparable to other charcoal datasets, they are
standardized and formatted for upload to the Global
Paleofire Database (GPFD) using an R script included
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in the supplemental material. The GPFD is an online,
digital data repository that provides public access to
charcoal and other paleo-fire datasets. The repository
aims to promote data standardization to facilitate
greater data re-use for global and regional syntheses of
fire activity and model validation (Aleman et al. 2018).
The database requires a user to specify metadata
regarding the sampling location, context, and
publications, along with the dataset’s sampling
intervals, depths, available age-depth models, and
standardized charcoal abundance measures. These
data can be quickly and easily compiled and formatted
using CharTool and associated R scripts.

Conclusions

The new norms of open science are highlighting the
need for research practices that support open access,
open data, and open methods. While quantifying
charcoal fragments is a fundamental procedure in
archeological, paleoecological, and paleo-fire research,
current digital methods can suffer from a lack of
transparency and replicability due to under-published
workflows and software configurations, as well as the
use of closed-source, proprietary imaging software.
The Charcoal Quantification Tool (CharTool) offers
one solution to these limitations by providing a suite
of open-source and freely available tools for charcoal
and sedimentary analysis in Image]. The digital
approach used by CharTool draws from the strengths
of both visual and digital charcoal analysis methods,
while also emphasizing open data creation and
curation practices specific for born-digital data.
Researchers can build on CharTool by customizing it
to fit their specific research needs, while also
contributing to the growing community of open-
science scholars pushing for new norms in our
research practices.

Notes

LAll of the code and software needed to run CharTool
are available for download via GitHub: https://
github.com/gsnitker/CharTool;  or  using  the
following DOLI: http://doi.org/10.5281/
zenodo.1434478. Additionally, a detailed workflow,
user-guide, and R scripts for compiling, displaying,
and uploading results from CharTool to a digital
repository are included as supplements to this article.
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