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Fuels, vegetation, and prescribed fire
dynamics influence ash production and
characteristics in a diverse landscape under
active pine barrens restoration
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Abstract

Background: An important consequence of wildland fire is the production of ash, defined as a continuum of
mineral to charred organic residues formed by the burning of wildland fuels. Ash may impact soil health
depending on its elemental composition and other factors, which are influenced by fuel quantity and quality, and
by combustion completeness. To investigate how ash properties relate to variation in fuels and fire, we collected
and analyzed ash samples following prescribed fires in a pine barrens landscape spanning grassland, shrubland,
conifer woodland, and deciduous forest. At some plots, mechanical brush cutting was applied, and woody fuels
were added or removed to experimentally manipulate fuel loads.

Results: Ash load averaged 2 Mg ha−1, or approximately 12.5% of fuel consumption, and was positively related to
maximum temperatures estimated by temperature-sensitive paint tags. Ash load also increased in cut brush and
fuel addition treatments. Fuel consumption in grasslands, estimated from maximum paint tag temperatures by
calibration, was increased by woody fuel addition. Total nutrient stocks in ash was greatest at conifer sites (i.e.,
nitrogen, N; phosphorus, P; potassium, K; magnesium, Mg; and iron, Fe) and lowest at grassland sites (P; K; calcium,
Ca; Mg; and manganese, Mn). Concentrations of leachable nutrients in ash were high for cations Ca (>20 g kg−1),
K (>4 g kg−1), and Mg (>5 g kg−1), which resulted in high ash pH (mean ± standard error = 8.4 ± 0.1). Leachable
cations were positively related to total ash cation concentrations, but leachable metal concentrations (Fe; Mn;
copper, Cu) were low despite their high content in ash.

Conclusions: We observed differences in ash production and composition that corresponded to variation in
vegetation cover, fuel loads, and paint tag temperatures. High concentrations of leachable cations in ash suggested
that repeated prescribed fire may act to decrease cation availability in soils if cations are leached through sandy
soils over time. In the case of pine barrens, prescribed fires, which decrease carbon (C) stocks while producing high
concentrations of leachable nutrients in ash, may contribute to decreased soil nutrient stocks, and more limited tree
growth, thus helping to maintain and restore critically endangered barrens ecosystems.

Keywords: brush cutting, disturbance, forest management, Moquah Barrens, pyrometer, restoration

* Correspondence: quigle44@msu.edu
1Department of Plant, Soil, and Microbial Sciences, Michigan State University,
1066 Bogue Street, East Lansing, MI 48824-1222, USA
Full list of author information is available at the end of the article

Fire Ecology

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made.

Quigley et al. Fire Ecology            (2019) 15:5 
https://doi.org/10.1186/s42408-018-0015-7

http://crossmark.crossref.org/dialog/?doi=10.1186/s42408-018-0015-7&domain=pdf
http://orcid.org/0000-0002-9528-0732
mailto:quigle44@msu.edu
http://creativecommons.org/licenses/by/4.0/


Resumen

Antecedentes: Una consecuencia importante de los incendios de vegetación es la producción de cenizas,
definidas como un continuo que va desde sustancias minerales hasta residuos orgánicos carbonizados formados
por el quemado de combustibles vegetales. Las cenizas pueden impactar en la salud del suelo dependiendo de
composición elemental o de otros factores, los que están influenciados por la cantidad y calidad del combustible y
por el grado como se completa la combustión. Para investigar cómo las propiedades de las cenizas se relacionan
con variaciones en combustibles y fuegos, coleccionamos y analizamos muestras de cenizas luego de una quema
prescripta en un paisaje de pinos en tierras yermas que abarcaban también pastizales, arbustales, bosques de
coníferas y bosques caducifolios. En algunas parcelas fue aplicado el control mecánico de arbustos y algunos
combustibles leñosos fueron agregados o sacados para manipular estas cargas.

Resultados: La carga de cenizas promediaron 2 Mg ha−1, o aproximadamente 12.5% del combustible consumido, y
se relacionó positivamente con las temperaturas máximas estimadas mediante tarjetas pintadas con colores
sensibles a cambios en la temperatura. La carga de cenizas también aumentó en las parcelas de arbustos que
fueron mecánicamente tratados y en aquellas a las que se les adicionó combustible leñoso. El consumo de
combustible en pastizales, estimado mediante calibración de las tarjetas sensibles a la temperatura, fue
incrementado por la adición de material combustible leñoso. El stock total de nutrientes en las cenizas fue mayor
en los sitios de bosques de coníferas (i.e., nitrógeno, N; fósforo, P; potasio, K; magnesio, Mg; y hierro, Fe) y menor en
los sitos de pastizal (P; K; calcio, Ca; Mg; and manganeso, Mn). La concentración de nutrientes lixiviables en las
cenizas fueron altos para los cationes Ca (>20 g kg−1), K (>4 g kg−1), y Mg (>5 g kg−1), lo que resultó en un alto pH
en las cenizas (promedio ± error estándar = 8.4 ± 0.1). Los cationes lixiviables fueron positivamente relacionados con
la concentración total de cationes en las cenizas aunque las concentraciones de metales lixiviables (Fe; Mn; copper,
Cu) fueron bajos a pesar de su alto contenido en las cenizas.

Conclusiones: Observamos diferencias en la producción y composición de cenizas que se correspondieron con
variaciones en la cobertura de la vegetación, en la carga de combustibles, y en las tarjetas sensibles a la
temperatura. La alta concentración de cationes lixiviables en las cenizas sugieren que quemas prescriptas repetidas
pueden actuar decreciendo la disponibilidad de cationes en los suelos si los cationes son lixiviados a través del
tiempo en suelos arenosos. En el caso de paisajes de pinos en tierras yermas, las quemas prescriptas, que reducen
el stock de carbono y que a la vez producen una alta concentración de nutrientes lixiviables en sus cenizas, pueden
contribuir a reducir el stock de nutrientes en el suelo y limitar el crecimiento de los árboles, ayudando de esa
manera a mantener y restaurar ecosistemas amenazados en tierras yermas.

Background
Wildfire is a widespread natural process, and fossil evi-
dence suggests that fire has shaped Earth’s biomes since
the emergence of land plants 440 million years ago
(Glasspool et al. 2004). Ecologists consider fire a “global
herbivore;” by consuming vegetation, fires maintain
ecosystem structure and function and shape the global
distribution of biomes (Bond and Keeley 2005). Fires
may influence plant communities by killing small indi-
viduals in the understory, which reduces competition
and provides greater resources for large individuals.
Fire-adapted plants often require smoke, light gaps, or
the removal of organic horizons by fire to germinate
(Baxter et al. 1994; Taft 2003; Uys et al. 2004). Fires
also modify resource availability. For instance, fire con-
tributes to soil nutrient cycles by releasing nutrients
stored in aboveground biomass to the soil matrix (Wan et
al. 2001, Tuininga and Dighton 2004). In addition, fires
alter the amount of organic matter present in soil and
may result in the formation of hydrophobic residues, both

of which influence water availability (Jiménez-Pinilla et al.
2016; Zheng et al. 2016). Despite these well-understood
essential roles of fire, wildland fire exclusion and lack of
prescribed burning have been a signature feature of the
past century of land management and policy worldwide
(Busenberg 2004; Fernandes et al. 2013; Ryan et al. 2013).
Although anthropogenic fire exclusion is meant to

ensure human safety and protect natural resources,
the resulting accumulation of surface fuels and
changes to natural fire regimes in ecosystems that histor-
ically experienced frequent fires have contributed to a
range of undesirable consequences such as catastrophic
stand-replacing fires, and loss of vital habitat (Ryan et al.
2013). For example, in North America, up to 50% of tall-
grass prairie species have been lost as a consequence of
fire exclusion (Leach and Givnish 1996), and longleaf pine
(Pinus palustris Mill.) savannas now occupy <3% of their
historical range in the southeastern United States due to
logging, farming, and fire exclusion (Noss et al. 1995). As
land managers become aware of the connection between
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fire exclusion and habitat loss, prescribed fire becomes an
increasingly important tool for restoring ecosystem
composition, structure, and function. One example of a
globally imperiled habitat type (i.e., fewer than 100
communities globally) under active prescribed fire man-
agement is jack pine (Pinus banksiana Lamb.) barrens of
the Great Lakes region, USA (Wisconsin DNR 2015).
Great Lakes region pine barrens are savanna communi-

ties with a scattered jack pine or red pine (Pinus resinosa
Aiton.) overstory and a characteristic heath understory
(Curtis 1959). Fire is thought to be the primary environ-
mental variable that maintains open barrens habitats,
while sandy glacial outwash soils and local topography
also contribute (Vora 1993). Historically (from 1660 to
1925), a fire return interval of 8 to 15 years maintained
northwest Wisconsin’s Moquah Barrens, but US fire ex-
clusion policy over the past ~90 years has increased the
mean fire return interval to over 43 years (Guyette et al.
2016). Barrens now cover less than 0.5% of their original
extent due to a combination of fire exclusion, succession,
and land use change following European settlement
(USDA Forest Service 2013; Wisconsin DNR 2015).
Because barrens soils are sandy, they tend to leach nutri-
ents and have poor fertility. In the absence of fire, woody
species are able to invade barrens, which may result in
increases in soil nutrients and water holding capacity
(Vogl 1970).
Edaphic changes associated with fire-produced, or

pyrogenic, nutrient sources (i.e., ash) may influence
plant community structure and function in fire-prone
ecosystems. The quantity and quality of pyrogenic nu-
trient sources depend on the type and amount of fuel
burned and extent of combustion (Bodi et al. 2014). Ash,
defined as the particulate residue formed by pyrolysis and
combustion of wildland fuels and subsequently deposited
on land surfaces, may influence ecosystem changes—such
as encroachment by woody species in the historically
grass- and forb-dominated barrens ecosystem—via its ef-
fects on soil microbial activity, carbon pools, pH, nutri-
ents, texture, and hydrological properties (Bodi et al. 2014;
Tuininga & Dighton 2004). The ash layer includes resi-
dues spanning a range of combustion completeness, ran-
ging from charred organic material (black ash) to
mineral-rich white ash (Bodi et al. 2014). White ash is es-
pecially concentrated with mineral elements important
for plant nutrition (Pereira et al. 2012; Campos et al.
2016), but phytotoxic elements like chromium, cad-
mium, and lead, may also be present in high concentra-
tions (Liodakis et al. 2009). The release of chemical
elements from ash is dependent upon fire severity, fuel
source, underlying soil properties, and element-specific
chemistry (Pereira et al. 2012; Escudey et al. 2015).
It is important to understand the in situ drivers of

variation in ash production and composition since

laboratory-generated combustion does not accurately
mimic field combustion conditions or composition of
wildland fire ash (Bodí et al. 2011). Because ash is a
pyrogenic nutrient source that may influence the soils
and plant communities of fire-dependent landscapes,
we leveraged an ongoing barrens restoration study
using prescribed fire to answer the following questions:
1) Which burn factors affect the amount and compos-
ition of ash produced during prescribed fire? 2) What
proportion of the nutrients in ash samples is leachable?
and 3) What role might nutrient inputs from ash play
in the context of pine barrens restoration? To address
these questions, we collected and analyzed ash layer
samples following two large-scale prescribed burns
(~1200 ha total) in the Moquah Barrens of northwest
Wisconsin, USA, in May 2016. We expected ash produc-
tion and composition to be influenced by burn conditions
and vegetation cover because plant communities differ in
their fuel loads, flammability, and leaf chemistry. Specific-
ally, we hypothesized that sites with greater amounts of
fuels would produce greater ash loads, and that ash chem-
ical profiles would be affected by vegetation type and by
the temperatures of ash and pyrolizing fuel particles dur-
ing the fire (as indicated by maximum paint tag tempera-
tures). Furthermore, we predicted that leachable nutrient
concentrations would be related to total ash nutrient con-
centrations and element-specific conditions for solubility,
such as pH. Finally, we considered how the observed vari-
ation in ash loads and ash chemical compositions might
influence soil nutrient loads, specifically in the context of
reducing nutrient stocks to support the persistence and
expansion of pine barrens.

Methods
Study area
Study sites were located in the Moquah Barrens of the
Northwest Sands ecological landscape in northwest
Wisconsin, on the Chequamegon-Nicolet National Forest,
USA (Fig. 1). Mean annual temperature in the Northwest
Sands is 5.2 °C (mean January minimum= −18.9 °C, mean
August maximum= 26.9 °C), and mean annual precipita-
tion is 80 cm. Annual snowfall averages 155 cm, and the
typical growing season length is 121 days (Wisconsin
DNR 2015). Soils are classified as slightly to strongly
acidic (pH = 5.1 to 6.5) spodosols with a depth of 15 to
25 cm to the spodic horizon under NRCS Soil Taxonomy
(Soil Survey Staff 1999). Soils consist of well-drained sands
and sandy loams of glacial outwash origin, with a low
water holding capacity and low cation exchange capacity
(Tweiten et al. 2015). This landscape consists of a mosaic
of hardwood forest, pine woodland, shrubland, and grass-
lands (Curtis 1959). In this study, deciduous forest was
defined as closed-canopy forest with trees at least 12 cm
diameter at breast height (DBH) dominated by oaks
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(Quercus rubra L., Q. ellipsoidalis E.J. Hill), aspens (Popu-
lus tremuloides Michx., P. grandidentata Michx.), and red
maple (Acer rubrum L.). Pine woodland was defined as
recently thinned (i.e., within the last 5 to10 years) pine
plantation (red pine, Pinus resinosa Aiton.; jack pine, P.
banksiana Lamb.; and white pine, P. strobus L.) with
semi-open canopy and a target range in tree basal area of
7 to 14 m2 ha−1. The surface vegetation layer in these
forest and woodland systems was dominated by a combin-
ation of bracken fern (Pteridium aquilinum [L.] Kuhn var.
litiusculum [Desv.]), lowbush blueberry (Vaccinium angu-
stifolium Aiton.) and various herbaceous species. Shrub-
land sites were defined as having >50% cover by woody
shrubs and tree saplings (Q. rubra, A. rubrum, Amelan-
chier laevis Wiegamd, Corylus cornuta Marshall, C. ameri-
cana Walter, Salix humilis Marshall, and others) and with
dominant stem DBH < 12 cm, excluding low shrubs
characteristic of the pine barrens ecosystem (e.g., Vacci-
nium L. spp.; and sweetfern, Comptonia perengrina [L.]
J.M. Coult.). Grassland sites included a spectrum of sa-
vanna to grassland with tree basal area 7 m2 ha−1, <30%
shrub cover, and surface vegetation layer dominated by
low shrubs (Vaccinium spp. and Comptonia peregrina),
grasses, sedges, and forbs. Historically dominant red,
white, and jack pine have declined while oak and aspen
have increased at former pine sites, and forest canopy
closure has also increased since the mid-nineteenth cen-
tury (Radeloff et al. 1999).

Experimental design and instrumentation
Experimental plots were installed following modified
FIREMON protocols (Lutes et al. 2006) at 56 locations
throughout two adjacent burn units managed by the
Chequamegon-Nicolet National Forest. Plots were
20 m in radius (area = 1256.6 m2) and contained 1 m2

quadrats utilized for various monitoring purposes. Plots
spanned four vegetation cover types, as defined above.
We manipulated fuel loads among these cover types to
maximize among-plot variation in fire behavior and soil
heating during the prescribed burns. Shrubland sites
were further divided based on mechanical cutting:
woody fuels were either left standing, cut and left on
site (Fig. 2b), or cut and removed. A subset of grass-
lands (n = 4) and pine woodlands (n = 4) served as fuel
addition plots, to which cut brush was added to ap-
proximately 2.2 kg m−2. Deciduous forest plots were
not subjected to fuel addition. An overview of design
factors and replication is provided in Table 1.
We created temperature indicators by applying tem-

perature-sensitive Tempilaq paint (LA-CO Industries Inc.,
Elk Grove Village, Illinois, USA) to 0.635-centimeter-thick
aluminum tags (“racetrack” tags, product number
36814313; Ben Meadows, Janesville, Wisconsin, USA). We
applied eight unique temperature-sensitive Tempilaq
paints with melt temperatures ranging from 79 °C to
426 °C to each paint tag. We installed paint tags at the
center of each quadrat, co-located with the ash sampling

Fig. 1 The Moquah Barrens are located in northern Wisconsin, USA (a), within the Washburn Ranger District of the Chequamenon-Nicolet
National Forest (b). The 56 study plots span two burn units, F and I, which were burned in May 2016 (c). Colors indicate vegetation cover type
derived from stand inventory maps from the Chequamegon-Nicolet National Forest (CNNF). The unfilled eastern portion of unit F was excluded
from the 2016 burns
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location, at both the litter surface and hanging at 25 cm
above the litter surface using steel tree tag stakes, one day
before the prescribed burn in each unit.

Prescribed burns
The Chequamegon-Nicolet National Forest increased
prescribed burn efforts in 2008, with a prescribed-burn
schedule rotating among several management units
(“burn blocks”), each ~200 to 800 ha. Burn units F and I
(Fig. 1) were burned successively on 19 and 20 May
2016, respectively, for this study. Unit F was ignited at
1057 hours and took 8.5 h of ignition time to complete,
and Unit I was ignited at 1012 hours and took 9.5 h to
complete. Unit F was further along in restoration efforts
and was last burned in 2013. Unit I, which was predom-
inately conifer plantation, was in an earlier restoration
stage. About half of Unit I had not been burned for

>50 years, and the remaining half was last burned
between 2001 and 2007. At the time of the 2016 burns,
10-hour woody fuel moisture was approximately 10%,
and duff moisture was approximately 45%.

Field data collection
Ash sampling was conducted as soon as the study sites
were accessible, within 24 to 48 h post fire. Ash is a highly
mobile substance subject to rapid change; all samples in
this study were collected prior to precipitation events to
minimize dilution, redistribution, and other disturbances
that may result in changes to ash physical and chemical
properties. We collected the entire ash layer, ranging along
the spectrum of fire-produced residue from charred black
material to white mineral ash, as per Bodi et al. (2014),
omitting large pieces of charred material >1 cm3. Ash was
collected in macroplot quadrats 1 through 4, from within
an anchored 30 cm diameter sampling frame installed at
quadrat center. The depth of the ash layer was measured in
each cardinal direction along the interior edge of the
sampling frame and the four measurements were averaged.

Paint tag temperatures and calculations
Aluminum tags that melted were assigned a melt
temperature of 661 °C, which is near the upper end of
the range in melt temperatures reported for the
aluminum alloy used to make the tags (Aluminum alloy
1100-O; www.matweb.com, accessed 1 June 2018).
Paint tag temperatures were additionally assigned to
ranked temperature categories based on temperature
thresholds identified in Balfour and Woods (2013).
Categories were: no melt (temperatures below 79.4 °C),
low (samples with melt from 79 to 253 °C; minimum
charring occurs), moderate (melt from 287 to 426 °C;
combustion begins), and high (melt ≥660 °C; carbonate

Fig. 2 Visual comparison of a typical Moquah Barrens, Wisconsin, USA, grassland site (a) and brush cut site (b) before, during, and after
prescribed fires initiated in May 2016. Post-fire images were taken one day after fire and include average ash load (mass) estimates, for each
vegetation cover type

Table 1 Summary of the distribution of sampling sites in the
Moquah Barrens (Chequamegon-Nicolet National Forest),
Wisconsin, USA, included in this study. Ash samples were
collected in May of 2016 following two successive prescribed
burns. Numbers indicate the number of study plots for each
combination of historical and current vegetation state. Historical
state is based on a USDA 1951 Timber Survey, and current
vegetation state is based on a 2016 Forest Service survey. Letters in
parentheses indicate fuel treatments: A = addition, C = cut brush,
C&R = cut and remove

Historic State
(circa 1951)

Current State

Forest Shrubland/Brush Grassland

Pine plantation 5* + 3(A) 4 + 4(C) + 4(C&R) 4 + 4(A)

Deciduous Forest 4 4 + 4(C) + 4(C&R) 4 + 4(A)

Grassland 4

*Sample sizes without fuel treatment codes indicate that fuels were not
manipulated (i.e., ambient conditions)
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formation occurs). Although paint tags record only the
maximum temperature reached, and there are gaps be-
tween the melt temperatures of thermocolor paints,
they are cost effective and convenient for extrapolating
data from more precise monitoring tools to a finer
spatial scale. To provide a basis for comparison with
other studies (see Bova and Dickinson 2008), we used
co-located thermocouple data and a calibration equa-
tion to report our paint tag results as fuel consumption
in Mg ha−1 (Additional file 1: S1). Our fuel consump-
tion estimates are best thought of as calibrated fuel
consumption, hereafter termed fuel consumption. Paint
tags do not undergo pyrolysis and otherwise have very
different heat budgets than fuel particles and surface
ash. Although we have no data on the mean and distri-
bution of the temperatures of ash and pyrolyzing fuels,
it is likely that paint tag temperatures correlate with
mean temperatures experienced by pyrolyzing fuels and
ash in fires. As such, we reported paint tag tempera-
tures in relation to nutrient concentrations in ash with
the expectation that nitrogen, which volatilizes at bio-
mass pyrolysis temperatures (Raison 1979), should have
the lowest concentrations when paint tag temperatures
were greatest. We also used thermocouple data to esti-
mate fireline intensity, based on the maximum rate of
thermocouple temperature increase described in Equa-
tion 14 in Bova and Dickinson (2008).

Laboratory analysis
Prior to nutrient extraction procedures, ash samples
were air dried, weighed, and pulverized using a SPEX
8000D Mill (SPEX Sample Prep LLC, Metuchen, New
Jersey, USA). Total carbon (C) and nitrogen (N) concen-
trations were analyzed using a Costech dry combustion
elemental analyzer (Costech Analytical Technologies Inc.,
Valencia, California, USA). Total elemental concentrations
of potassium (K), calcium (Ca), magnesium (Mg), manga-
nese (Mn), iron (Fe), and copper (Cu) were estimated fol-
lowing a microwave digestion of 0.5 g ash in 9 ml of nitric
acid (HNO3) and 3 ml of 37% hydrochloric acid (HCl) and
hereafter referred to as total extractable elements (TEE;
Santín et al. 2015). To determine concentrations of leach-
able element (i.e., plant-available; LE) concentrations in
ash, we performed a water extraction using a 1:20 ratio (1
part ash in 20 parts leachate) of ash sample in deionized
water (Hageman 2007), with slurries immediately mea-
sured in triplicate for pH (Benchtop 700 Series; Oakton
Instruments, Vernon Hills, Illinois, USA), filtered through
a 0.45 μm filter, and frozen until elemental analysis.
Phosphorous was extracted via the Olsen method and
measured colorimetrically (Olsen et al. 1954) using a
Brinkman PC 950 probe (STH Company, Cocoa Beach,
Florida, USA). Calcium, Mg, and K were extracted using
20 ml of 1 N ammonium acetate (NH4CH3CO2) and

measured by flame photometry (for Ca, K), or colorimetri-
cally (for Mg). The remaining micronutrient concentra-
tions (Mn, Fe, Cu) were analyzed by atomic adsorption
spectrophotometry (AAnalyst 400; PerkinElmer, Inc. Wal-
tham, Massachusetts, USA). All elemental analysis was
performed at the Michigan State University Soil and Plant
Nutrient Laboratory, and values were reported per unit
mass of ash (g element per kg ash).
Pyrogenic carbon (PyC) content in ash was estimated

using a weak nitric acid digestion, which removes organic
material and assumes that residual C, most resistant to
oxidation, represents charcoal C (Kurth et al. 2006;
Maestrini and Miesel 2017). Briefly, 100 mg of ash was
diluted with quartz sand to a total sample weight of 1.0 g.
Next, 20 mL of 1 M nitric acid and 10 mL of 30% hydro-
gen peroxide were added to each sample. Samples were
shaken, then heated on a block digester (SEAL Analytical
Digestion Block; SEAL Analytical Inc., Southampton,
England, United Kingdom) to 100 °C for 16 h. The solu-
tions were cooled and filtered, and the amount of C
present after digestion was measured via dry combustion
as described above, and is considered PyC.

Data analysis
To understand which factors influence the amount of ash
produced during prescribed burns, we tested for relation-
ships between ash mass (response variable) and categorical
burn factors (i.e., vegetation cover types, paint tag
temperature classes, and woody fuel addition or removal) as
predictor variables using Type I ANOVAs to compare three
or more treatment groups. T tests were applied for the pair-
wise comparison of ash mass between ambient fuel condi-
tions and fuel addition treatments at conifer and grassland
plots. Similarly, burn factors were tested as predictors of ash
nutrient concentrations and nutrient loads (concentration
scaled by mass) using ANOVAs and t tests for the compari-
son of ≥3 or 2 treatment groups, respectively.
For comparisons among vegetation cover types, we

excluded samples collected where fuels were manipu-
lated (i.e., addition or removal) to focus on ambient
variation and avoid confounding effects. Fuel treat-
ments were analyzed separately within each cover type.
Post hoc Tukey’s tests were used for pairwise compari-
sons of treatment means when ANOVAs identified sig-
nificant differences among groups. We used ordinary
least squares linear regression to explore relationships
between total nutrient concentrations and easily ex-
tractable concentrations. Differences in ash chemical
profiles were visualized using radar plots using the R
package fmsb. Finally, we calculated nutrient stocks by
multiplying the concentration (ppm =mg kg−1) by ash
load represented in each ash sample location (g m−2),
scaled to kg ha−1 to understand the relationships be-
tween burn factors and nutrient stocks for each specific
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element. All statistical analyses were performed in R,
version 3.4.2 (R Development Core Team 2014).

Results
Fire behavior
We observed a wide range of variation in fire behavior
and soil heating throughout the two burn units (Fig. 3).
Mean fireline intensity was 663 kW m−1(minimum =
115 kW m−1, maximum = 1472 kW m−1), and soil
temperature at the duff−soil interface rose by an aver-
age 51 °C (minimum = 17 °C, maximum = 372 °C).
Mean fuel consumption was 15.7 Mg ha−1 (minimum =
0.16 Mg ha−1, maximum = 40 Mg ha−1) and fire de-
creased the duff layer thickness by an average of
0.5 cm. Paint tags at the litter surface reached consist-
ently higher temperatures (median = 343 °C) than those
installed at 25 cm above the litter surface (median =
253 °C; Fig. 3b). Maximum temperatures reached by
paint tags at the litter surface were more closely related
to fuel consumption than those at 25 cm and, as such,
we reported fuel consumption estimated from litter
surface paint tag temperatures (Additional file 1: S1).
At plots with ambient fuel conditions (i.e., no addition
or removal of fuel), paint tag temperatures at cut brush
sites were greater than those of all other vegetation
cover types (Fig. 3c). Fuel addition resulted in signifi-
cant increases in paint tag temperatures and consump-
tion at grassland plots (t = 3.4, P = 0.001, and t = − 4.0,
P < 0.05, respectively; Fig. 4a and b), but not at pine
plots (P = > 0.05, data not shown).

Ash production
The ash layer following prescribed burns ranged in
depth from 0.0 to 2.6 cm (mean = 0.9 cm), and the aver-
age ash load for the 131 samples analyzed was
2.0 Mg ha−1 (maxinmum = 10.2 Mg ha−1). Ash depth
was positively related to ash mass (P < 0.01), but the
strength of this relationship was low (R2 = 0.13). Ash
loads displayed a trend of increased ash produced at
higher paint tag temperatures and calibrated fuel con-
sumption, although a post hoc Tukey’s test revealed that
only moderate and high temperatures were significantly
different (difference = 1.3 Mg ha−1, P = 0.02; Fig. 5a). Ash
loads were 12.5% of consumed fuel loads on average
(minimum = 5.3%, maximum = 27.4%), and consumption
and ash load were positively related (F = 9.3, R2 = 0.34, P
< 0.01). Among samples with ambient fuel loads, conifer
plots had mean ash loads that were two to three times
greater than those of all other vegetation cover types
(mean conifer ash load = 4.1 Mg ha−1, all Tukey’s pair-
wise P < 0.05). However, ash loads among conifer plots
were also the most variable (minimum = 0.7 Mg ha−1,
maximum = 10.2 Mg ha−1). Mechanical brush cutting re-
sulted in an 89% increased ash load relative to ambient

shrublands with standing brush (P < 0.05, t = −2.1;
Fig. 5b). Similarly, grassland plots that had woody fuels
added had ash loads that were 64% greater than those of
ambient grasslands without added fuels (P = 0.01, t =
−2.6; Fig. 5c). There was, however, no significant differ-
ence in ash loads between ambient conifer woodlands
and conifer woodlands with added woody fuels.

Total and leachable ash nutrient concentrations
Total post-fire carbon (C) concentration in ash ranged
from 6.6 to 61.7% (mean = 41.1%) and displayed a
non-significant trend of decreasing C with increasing
ranked paint tag temperature categories (P > 0.10 for all
pairwise comparisons). Pyrogenic carbon (PyC) concen-
tration was low, but varied by a factor similar to that of
total C (minimum = 0.07%, maximum = 1.04%, mean =
0.43%). Of the nutrients analyzed, we noted especially
high total extractable element (TEE) concentrations of N
(μ = 1.53%), Ca (μ = 21.3 g kg−1 ash), and Fe (μ =
7.3 g kg−1 ash), while total extractable Cu concentrations
were consistently low (μ = 0.0027 g kg−1 ash). K, Mg,
and Mn TEE concentrations were significantly different
among vegetation cover types (see Table 2 for mean TEE
concentration by vegetation cover for all nutrients).
Similarly, differences between TEE concentrations were
observed among paint tag temperature groups
(Additional file 1: Table S2). Ash nitrogen concentrations,
for instance, were more than 2.5 times as high in the low
temperature group than in the high temperature group.
Leachable element (LE) concentrations in ash were

greatest for Ca and K (μ Ca = 0.75 g kg−1, μ K =
0.60 g kg−1), and were often below the limit of detection
for Fe and Cu (μ = 6.6e−4 g kg−1, 8.7e−4 g kg−1). Cut
brush sites produced ash that had significantly greater
LE cation concentrations than other vegetation cover:
LE Ca was more than two times greater than in ash from
deciduous, shrubland, and grassland sites; LE Mg was
significantly greater than ash from grassland and decidu-
ous forest sites; and LE K was 170% greater in cut brush
ash than ash collected from conifer sites (Additional file 1:
Table S3; all P < 0.05, Tukey multiple comparisons).
More than 70% of the observed variation in LE K
concentrations (adj. R2 = 0.72, F = 242.5, slope = 0.29,
P < 0.01) was explained by TEE concentrations (Fig. 6).
LE Ca (adj. R2 = 0.28, F = 37.4, slope = 0.02, P < 0.01), and
LE Mg (adj. R2 = 0.18, F = 242.5, slope = 0.04, P < 0.01)
were positively related to TEE values, but with relatively
poor explanation of variance. No statistically significant
relationships were observed between LE and TEE con-
centrations of P or metal species (Mn, Cu, Fe). Ash pH
was a function of the sum of cation concentration (K +
Ca +Mg), with TEE providing a better prediction of pH
than LE (Fig. 6d; TEE adj. R2 = 0.48, F = 86.2, P < 0.01; LE
adj. R2 = 0.44, P < 0.01, F = 97.8).
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Ash nutrient stocks
Vegetation cover was related to variation in ash C, PyC,
K, Mg, Mn, Fe, and Cu stocks after excluding plots with
fuel manipulations from analysis. Despite the relatively
poor quality (i.e., low nutrient status) of ash generated in
conifer woodlands (Fig. 7a), ash nutrient stocks were
often highest in conifer woodlands due to greater overall
production of ash (i.e., ash mass; Fig. 7b). Ash C and
PyC stocks at conifer plots were on average more than
double the ash C and PyC stocks of all other vegetation
cover types. Similarly, mean ash stocks of K, Mg, Fe, and
Cu at conifer sites were typically double those of other
vegetation types (Fig. 7). Mn stocks were, on average,
greatest at cut brush sites (μ = 7.5 kg ha−1), where they
were more than four times greater than those of grass-
land sites (μ = 1.7 kg ha−1). Grassland and shrubland
plots produced consistently low stocks of C, PyC, cat-
ions (Ca, Mg, K), and metals (Mn, Fe, and Cu). Although
ranked paint tag categories were strong predictors of
some ash element concentrations, ash nutrient stocks
(N, P, cations, C species, and metals) could not be pre-
dicted using paint tag temperatures (ANOVA P > 0.05
for all elements).

Discussion
Production and composition of ash from prescribed burns
Paint tag and woody fuel consumption data indicated
that vegetation cover type and woody fuel addition treat-
ments altered prescribed burn conditions throughout
the Moquah landscape. Paint tags located at the litter
surface were better predictors of consumption and ash
mass than tags elevated to 25 cm, suggesting that the heat
budgets of litter paint tags better reflect combustion con-
ditions within the fuel bed, whereas elevated tags are more
responsive to flame characteristics such as fireline inten-
sity. We observed a positive relationship between paint
tag temperatures and both calibrated fuel consumption
and ash production, with an average ash yield of 12.5% of
pre-fire fuels and average ash load of 2 to 5 Mg ha−1. This

Fig. 3 Relationships among maximum paint tag temperature, fuel
consumption, and vegetation cover for Moquah Barrens, Wisconsin,
USA, study sites, burned in May 2016. Temperature (temp) estimated
by paint tags installed at the soil surface explained 43% of variation
in calibrated fuel consumption (a), and paint tags installed at the soil
surface reached higher temperatures than those elevated to 25 cm
aboveground (b). Elevated paint tag temperatures also varied with
vegetation cover: paint tags at cut brush sites recorded higher
temperatures than all other cover types, and grasslands had lower
temperatures than deciduous forest (c). Colors correspond to
vegetation cover in map (Fig. 1), and letters indicate statistically
different groups identified by pairwise comparisons (Tukey’s).
Consumption estimates are derived from a thick thermocouple
probe co-located with paint tags as described in Additional file 1: S1
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is much lower than values of 5 to 35 Mg ha−1 estimated
for wildfires in Australian eucalypt forest (Santín et al.
2015) and may be explained by differences in fire severity
and fuel types between studies. Ash production estimates
in Santín et al. (2015) were for wildfires that were typically
of extreme severity (all stems ≤1 cm DBH consumed),
whereas prescribed fires in Moquah were typically consid-
ered only “lightly burned,” according to the National Park
Service burn severity coding matrix (NPS 2003). Further-
more, the eucalypt forest had relatively homogenous fuel
loads of 25 to 30 Mg ha−1 (estimated for ground, under-
story, bark, and canopy fuels <1 cm diameter) with a
dense shrub understory (Banksia L.f., Leptospermum J.R.
Forst. & G. Forst., Acacia Mill., and Petrophile R.Br. ex
Knight species) that had not burned for 17 years. In con-
trast, Moquah fuel loads were more variable and generally
lower (mean = 9.8 Mg ha−1, median = 6.2 Mg ha−1, max-
imum = 52.4 Mg ha−1), as much of the Moquah Barrens
landscape is under active management with prescribed
fires. A more recent study of prescribed fire in an
Australian eucalypt forest with lower fuel loads (15 to
25 Mg ha−1) created an average ash load of 6.3 Mg ha−1,
similar to the values observed in our study (Santín et
al. 2018). Furthermore, we observed a trend of greatest
ash production in conifer woodlands and the least pro-
duction at shrubland sites, which is likely driven by dif-
ferences in surface fuel loads, with the conifer woodlands
supporting a deeper forest floor and more residual litter
after fire than shrubland sites. Our fuel manipulation plots
further support this pattern: cut brush plots (with cut fuels
left on site) produced more ash than shrubland plots, and

grassland plots with woody fuels added produced more
ash than grassland plots with ambient fuel loads. Finally,
mineral and organic soils may also contribute to ash layer,
but these contributions are expected to be minimal in
Moquah soils, which are sandy and poor in organic
matter.
Temperature thresholds are known to affect ash struc-

ture and chemical composition, because each compo-
nent of organic matter volatilizes or undergoes chemical
transformation at specific temperatures (Ubeda et al.
2009). As temperatures in furnaces approach 450 °C,
greater losses of organic carbon are observed, and the
pH of ash extracts increases as the elements in ash are
solubilized (Hogue and Inglett 2012; Balfour and Woods
2013). Although it is difficult to compare results from
controlled, closed environments of furnaces with results
from open combustion such as occurs in wildland fires,
we suspect that, when paint tag temperatures, fuel con-
sumption, and fire energy (in MJ ha−1, which scales with
consumption) were higher, charring woody fuels and
duff experience higher average temperatures, explaining
our finding of decreased C concentration and increased
pH at high paint tag temperatures. During wildland fires,
particular elements may either increase or decrease in
response to increased fire intensity or severity (Santín et
al. 2015). Although we observed some significant differ-
ences in ash nutrient concentrations among ranked
paint tag temperature categories, most elements did not
exhibit a clear positive or negative relationship with
temperature category. This discrepancy is likely due to the
high range of paint tag temperatures experienced in each

Fig. 4 The addition of woody fuels to Moquah Barrens, Wisconsin, USA, grasslands sites, burned in May 2016, resulted in (a) increased paint tag
temperatures (temp) relative to grassland plots with existing fuel loads and (b) increased fuel consumption relative to plots with existing fuel
loads. Letters indicate statistically different groups identified by Tukey’s pairwise comparisons
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category, variability of wildland fuels within each vegeta-
tion class, and the wide range of temperatures that would
be experienced by pyrolyzing materials and ash in the
open combustion environment of wildland fires. Finally,
based on muffle furnace exposures, high temperature ex-
posure (i.e., > 600 °C) during combustion tends to result
in fine particle size in ash relative to low temperatures,
which has important implications for post-fire runoff
and soil erosion (Doerr et al. 2004; Balfour and Woods
2013). For instance, the extent of thermal decompos-
ition of biomass influences post-fire water infiltration
rates into soil, although underlying soil particle size
and hydrophobicity also determine soil hydrology. Fur-
nace combustion temperatures that are either low or
high produce ash that has the greatest potential to form
surface seals that decrease post-fire infiltration rates,
whereas mid-combustion temperatures form carbonate-
dominated ash that increases water retention (Balfour
and Woods 2013). Balfour and Woods (2013) con-
cluded that peak combustion temperature plays a more
important role than fuel type in determining ash hydro-
logic properties in northwest US conifer forests.
Additional field and laboratory studies have, however, il-

lustrated that the type of fuel combusted also influences
ash production and characteristics, which in turn alters
runoff and infiltration (Ulery et al. 1993; Ubeda et al.
2009; Bodí et al. 2011; Gabet and Bookter 2011; Yusiharni
and Gilkes 2012). The concentration of aromatic carbon
(a trait positively related to hydrophobicity) in litter is de-
termined by vegetation source and burn severity (Merino
et al. 2015). However, we did not observe significant
relationships between PyC (an estimate of fire-produced
aromatic C) and either paint tag temperature or vegeta-
tion cover. The absence of a statistically significant
relationship may be explained in part by the wide range of
temperatures included in each temperature category, or
by the variability in vegetation composition across our
suite of vegetation types. Variability in vegetation

Fig. 5 Effects of ranked paint tag temperature, brush cutting, and
fuel addition on ash loads (Mg ha−1) for Moquah Barrens, Wisconsin,
USA, study sites, burned in May 2016. High paint tag temperatures
were associated with greater ash mass across all vegetation cover
types (a), whereas both brush cutting (b) and grassland fuel addition
treatments (c) resulted in increased ash loads. Uppercase letters
indicate statistically significant differences between groups, and
colors correspond with vegetation covers from map (Fig. 1)

Table 2 Mean total extractable element concentrations for
Moquah Barrens, Wisconsin, USA, ash samples collected in May
2016. Samples are distinguished by vegetation cover type, and
table excludes ash samples collected from plots with
experimental fuel load manipulations (addition or removal).
N = nitrogen, Fe = iron, Cu = copper, Mn = manganese,
Mg = magnesium, Ca = calcium, K = potassium, P = phosphorus

Vegetation cover
type

Total extractable element concentration (g kg−1)

N P K Ca Mg Mn Cu Fe

Standing brush 16.12 2.08 4.55 23.17 4.82 2.80 0.03 5.89

Grassland 15.86 1.39 2.71 18.79 4.45 2.13 0.02 6.29

Deciduous forest 13.00 1.87 3.58 27.26 4.68 4.46 0.03 8.62

Cut brush 13.52 1.89 3.66 22.78 5.33 4.45 0.03 8.86

Conifer woodland 10.44 1.18 2.35 10.30 3.38 1.44 0.02 7.71
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composition can drive fuel time−temperature exposures
because vegetation composition influences combustion
environments (Mitchell et al. 2009; Hiers et al. 2009;
Wagner and Methven 1978).

Relationships between total and leachable ash element
concentrations
Differences in solubility result from temperature-dependent
mineralization dynamics, and this may cause measure-
ments of total extractable elements to differ greatly
from those of leachable (plant-available) concentrations
(Gray and Dighton 2006). Cations tend to be extremely
leachable from ash, and a previous study noted a posi-
tive relationship between ash leachate pH and combus-
tion temperature (Plumlee et al. 2007). We observed
positive relationships between TEE and LE concentra-
tions for ash Ca, Mg, and K. Cation LE concentrations
in ash from our study were greater than those reported
for ash from wildfires in shrubby Australian eucalypt
forest (Santín et al. 2015, 2018) and less than those re-
ported for ash from a low-severity prescribed fire in a
Spanish cork oak (Quercus suber L.) forest (Pereira et
al. 2011). In our study, LE P was not related to TE P,
likely due to its very narrow pH range of solubility.
However, a column leaching experiment indicated that
increased soil alkalinity associated with ash input re-
sulted in a 3- to 10-fold increase in upper mineral soil
extractable P (Escudey et al. 2010). Plants commonly
experience Fe and Mn deficiency despite their high
abundance in soils, so even small pulses of leachable
metals may be vital for plant responses following fire
(McBride 1989).

Nutrient stocks and implications for barrens management
Fire can help maintain a nutrient-poor soil status in bar-
rens by mineralizing and mobilizing nutrients, which are
then lost by leaching through coarse-textured and well
drained to excessively drained sandy soils such as occur
in our study site. While stocks of total extractable nutri-
ents in ash in our study were greatest for Ca, Fe, and N,
we expect that prescribed fire will decrease their concen-
trations in the Moquah Barrens soils over time via leach-
ing after each successive burn. Tree growth in barrens
communities is effectively limited by deficiencies of Ca,
Mg, and N, and by low soil moisture content (Sweet

Fig. 6 Leachable cation concentrations of Moquah Barrens, Wisconsin,
USA, ash samples were determined by total elemental concentrations
and positively related to ash pH. Leachable element (LE) concentration
of calcium, Ca (a); magnesium, Mg (b); and potassium, K (c) were all
positively related to their total element (TE) concentrations in ash (all
P < 0.05). Solid lines represent linear regression fit, and dashed lines
show the 1:1 fit. The sum of these three TE cation concentrations
(conc.) was positively related to ash pH (d)
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1880; Heikens and Robertson 1994). A previous study of
northern Great Lakes states soils suggests that high C:N
ratios (above 30:1) in the forest floor of jack pine, red
pine, balsam fir (Abies balsamea [L.] Mill.), maple, and
quaking aspen (Populus tremuloides) forests result in net
immobilization of N and limit tree growth (David et al.
1988). The negative relationships we observed between
paint tag temperatures and N concentration in ash
suggest that achieving high temperatures in pyrolyzing
fuels and ash during prescribed burns results in greater
nitrogen volatilization and may be ideal for limiting
post-fire soil N inputs. In the absence of prescribed fire,
succession toward mesic species occurs, as has been ob-
served in similar glacial outwash systems in Minnesota
(McAndrews 1966; Scherer et al. 2017) and generally
throughout the eastern United States (Nowacki and
Abrams 2008). In the Moquah Barrens area, a similar
pattern of woody plant encroachment may occur under
fire exclusion, resulting in ecologically disruptive effects
such as altered vegetation structure, reduced plant diver-
sity, and, ultimately, decreased habitat size and quality
for local fauna (VanAuken 2009). Sharp-tailed grouse
(Tympanuchus phasianellus campestris Ridgeway) and
the Karner blue butterfly (Lycaeides melissa samuelis L.)
are examples of local species of concern that require
large areas of early successional habitat maintained by
frequent fire (Niemuth and Boyce 2004).
Vegetation cover type was the major determinant of

ash nutrient stocks for certain elements, but leachable
nutrient concentrations are not necessarily determined
by total element concentrations. Inputs of soluble

cations from ash can affect soil exchangeable cations
and pH for several years and have a major impact on nu-
trient solubility (Khanna et al. 1996), and therefore
plant-available nutrients. Because vegetation cover type
(i.e., grassland, conifer woodland, and deciduous forest)
influences the amount and pH of ash, land managers
may need to tailor their management efforts or timelines
for achieving desired edaphic changes according to vege-
tation community type. For instance, seasonality of burn
would likely have consequences for both the quantity and
quality of ash produced. Prescribed burns in the Moquah
Barrens are typically conducted during spring, when many
nutrient resources are being stored belowground in forests
(i.e., in plant roots). Burning after nutrients are translo-
cated to aboveground biomass may offer a more effective
strategy for decreasing nutrient stocks. However, further
experimentation is needed to better understand whether
the nutrients contained in ash are retained in soils or
leached, and over what time period after fire. A full nu-
trient budget accounting for plant uptake, leaching in
the absence of fire, and frequency of prescribed burns
is needed to provide insight into the importance of nu-
trient losses or inputs from ash. Finally, timber harvest
is prevalent in the Chequamegon-Nicolet National
Forest, and it is worth noting that, in forested areas, fire
plays an important role in recycling nutrients from
understory vegetation into forms available for uptake
by overstory trees (Vogl 1970). Thus, fire may play a
diverse role in this mosaic landscape by preventing
woody encroachment in open barrens and sustaining
biomass yield for timber harvest in forests.

Fig. 7 Radar plots for Moquah Barrens, Wisconsin, USA, study sites, burned in May 2016, showing differences in ash total extractable element
(TEE) concentrations (mg element kg−1 ash, a) and ash nutrient stocks (Mg ha−1, b) among vegetation cover types with ambient fuel loads (no
fuel addition or removal). N = nitrogen, Fe = iron, Cu = copper, Mn = manganese, Mg = magnesium, Ca = calcium, K = potassium, P = phosphorus.
Refer to results for significant nutrient stock differences among vegetation types
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Conclusions
Our study suggests that high fuel and ash tempera-
tures (which we expect are correlated with surface
paint tag temperatures) during prescribed burns result
in greater nitrogen volatilization, indicating that pre-
scribed fires implemented under conditions that lead
to more intense fires with greater fuel consumption,
while still minimizing associated risks, will be more
effective for limiting post-fire inputs of N from ash,
relative to fires implemented under conditions that
minimize fire intensity. Understanding variation in
ash properties has implications for post-fire manage-
ment, specifically by elucidating relationships among
vegetation cover type, ash, and soils. The effects of ash in
situ are typically ephemeral and dependent upon post-fire
weather conditions. However, in some situations, ash may
form stable crusts resistant to redistribution by wind, with
the potential for long-lasting effects on soils and vegeta-
tion (Balfour et al. 2014). Our study suggests that fuel ma-
nipulations, vegetation cover type, maximum paint tag
temperatures, and fuel consumption (estimated from
maximum paint tag temperatures and related to fire en-
ergy) all influence the amount and composition of ash
produced by prescribed fire. Concentrations of leachable
elements released from ash are more difficult to predict
than total nutrient stocks because solubility is influenced
by soil pH and mineralogy. To advance knowledge about
the ecological significance of wildland fire ash, future
studies should address how in situ soil properties and
post-fire environmental conditions (i.e., precipitation,
wind) interact to influence the magnitude and spatiotem-
poral persistence of ash nutrient inputs.
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Additional file 1: S1. Calibrated fuel consumption from maximum
paint tag temperature. Table S2. Mean total extractable (TE) element
concentrations, in g element kg−1 ash, by paint tag temperature
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Mg = magnesium, Ca = calcium, K = potassium, P = phosphorus.
Table excludes plots that were subject to fuel manipulations. Table S3.
Mean leachable element (LE) concentrations, in g element kg−1 ash, by
vegetation cover. Fe = iron, Cu = copper, Mn = manganese,
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