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Factors influencing the persistence of reindeer
lichens (Cladonia subgenus Cladina)
within frequent-fire environments of
the Mid-Atlantic Coastal Plain, USA
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Abstract

Background: Prescribed fire is increasingly used to accomplish management goals in fire-adapted systems, yet our
understanding of effects on non-target organisms remains underdeveloped. Terricolous lichens in the genus
Cladonia P. Browne, particularly cushion-forming reindeer lichens belonging to Cladonia subgenus Cladina Nyl., fit
into this category, being characteristic of fire-adapted ecosystems, yet highly vulnerable to damage or consumption
during burns. Moreover, inherently slow dispersal and growth rates raise questions about how to conserve these
taxa in the context of fire-mediated restoration management. This research was undertaken to identify factors that
contribute to Cladonia persistence within areas subject to repeated burning and involved tracking the fate of 228
spatially isolated individuals distributed across seven sites previously burned zero to two times. Site selection was
determined by edaphic factors associated with a rare inland dune woodland community type known to support
relatively high densities of Cladonia.

Results: Evaluated across all sites, the post-burn condition of Cladonia subtenuis (Abbayes) Mattick samples,
categorized as intact (32%), fragmented (33%), or consumed (36%) individuals, approximated a uniform distribution.
However, their status was highly variable at the different sites, where from 0 to 70% were assessed as intact and 11
to 60% consumed. Machine-learning statistical techniques were used to identify the factors most strongly
associated with fire damage, drawing from variables describing the proximate fuel bed, growth substrate, and fire
weather. The final descriptive model was dominated by variables characterizing the understory fuel matrix.

Conclusions: Areas with highly contiguous fuels dominated by pyrogenic pine needles were most likely to result in
consumption of individual Cladonia, whereas those growing in areas with low fuel continuity or in areas dominated
by hardwood litter were more likely to persist (intact or as fragments). Further, substrates including bare soil and
moss mats afforded more protection than coarse woody debris or leaf litter in settings where fuels were both
contiguous and highly flammable. Our findings describe the characteristics of within-site fire refugia, the abundance
of which may be enhanced over time through restoration and maintenance treatments including thinning,
promotion of mixed-species overstory composition, and periodic burning. Because lichens contribute to, and are
considered reliable indicators of forest health, fire-based restoration management efforts will benefit from improved
understanding of how these vulnerable organisms are able to persist.
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Resumen

Antecedentes: El uso de las quemas prescriptas para lograr objetivos de manejo se está incrementando en
ecosistemas adaptados al fuego, aunque nuestro conocimiento sobre organismos no incluidos en esos objetivos
permanece aún poco desarrollado. Los líquenes terrestres del género Cladonia P. Browne, particularmente los que
forman pasturas en cojín para alimento de los renos y que pertenecen al género Cladonia subgénero Cladina Nyl.,
encajan dentro de esta categoría, siendo característicos de ecosistemas adaptados al fuego, aunque altamente
vulnerables al daño o al consumo por el fuego durante los incendios. Además de esto, su inherentemente lenta
dispersión y tasa de crecimiento nos hace preguntar sobre cómo conservar estos taxones en el contexto de la
restauración mediada por el fuego. Esta investigación fue llevada a cabo para identificar los factores que
contribuyen a la persistencia de Cladonia dentro de áreas sujetas a quemas repetidas e involucró el seguimiento
del destino de 228 individuos espacialmente aislados distribuidos a través de siete sitios quemados entre cero y
dos veces. La selección de los sitios fue determinada por factores edáficos asociados con un tipo de comunidad
rara de dunas boscosas que se reconoce pueden contener densidades relativamente altas de Cladonia.

Resultados: Evaluados a través de los sitios, las condiciones post-fuego de muestras de Cladonia subtenuis
(Abbayes) Mattick, categorizadas como intactas (32%), fragmentadas (33%), o individualmente consumidas (36%), se
aproximaron a una distribución uniforme. Sin embargo, su estatus fue altamente variable en los diferentes sitios,
donde desde 0 al 70% fue determinado como intacto y entre el 11 y 60% como consumido. Técnicas estadísticas
basadas en “machine-learning” fueron usadas para identificar los factores más fuertemente asociados con el daño
por fuego, derivaciones de variables que describían la cama de combustible más próxima, el sustrato de
crecimiento, y los efectos meteorológicos del entorno del fuego. El modelo descriptivo final estuvo dominado por
variables que caracterizaban la matriz combustible del sotobosque.

Conclusiones: Áreas con alta continuidad de combustibles dominados por acículas pirogénicas de pino fueron las
que consumieron más individuos de Cladonia, mientras que persistieron más (intactas o como fragmentos), en
aquellas áreas con baja continuidad del combustible o dominadas por broza de latifoliadas. También, los sustratos
que incluían suelo desnudo y mantas de musgos brindaron mayor protección que los residuos leñosos gruesos o
mantillo de hojas en lugares donde los combustibles eran continuos y altamente inflamables. Nuestros resultados
describen las características de los sitios internos de refugio contra el fuego, la abundancia de los cuales puede ser
aumentada en el tiempo a través de la restauración y tratamientos de mantenimiento incluyendo raleos, la
promoción de especies mixtas en el dosel superior, y quemas periódicas. Dado que los líquenes contribuyen a, y
son considerados como indicadores confiables de la salud de los bosques, los esfuerzos de restauración basados en
quemas se beneficiarán de un mejor conocimiento de cómo estos organismos vulnerables son capaces de perdurar
en el sistema.

Abbreviations
BU: Burn Unit
CART: Classification And Regression Tree
CCPi: Closed-Canopy Pine cover type
Est: Establishment date of pine plantation
HwPiR: Hardwood–Pine Regrowth cover type
MACP: Mid-Atlantic Coastal Plain
NCP: Nassawango Creek Preserve
OCPi: Open-Canopy Pine cover type
OSR: OverStory Removal
PCPi: Pre-Commercial Pine cover type
RF: Random Forest
Thin: Commercial thinning
TNC: The Nature Conservancy

Background
Fire exclusion is recognized as a key driver of biodiver-
sity loss in environments with historically frequent fire

regimes (Bowman and Murphy 2010; Noss et al. 2015;
Kelly and Brotons 2017). Prescribed burning has
emerged as the primary means of mitigating this conser-
vation challenge (Schwilk et al. 2009; Fontaine and
Kennedy 2012; Ryan et al. 2013). While component spe-
cies usually exhibit a wide range of adaptations and
mechanisms that allow them to tolerate or avoid damage
when confronted by fire, the combination of factors that
allow organisms without these protections to persist is
less well understood (e.g., Russell 1999; Swengel 2001;
Fontaine and Kennedy 2012; Perry 2012). Despite these
knowledge gaps that potentially constrain our ability to
conduct effective fire-based management, an arguably
more compelling view holds that the diminishment of
habitat values resulting from fire exclusion represents an
overriding concern (Varner and Kush 2004; Nowacki
and Abrams 2008; Slapcinsky et al. 2010). This paradox
points to a need to develop a better understanding of
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the impacts that prescribed burning has on non-target
organisms, including how negative effects can be miti-
gated with more nuanced approaches.
Cryptogams, consisting of plants and fungi that repro-

duce through spores (e.g., ferns, mosses, lichens, and
biological soil crusts), are biologically diverse organisms,
and play important yet underappreciated roles in the
structuring and functioning of terrestrial ecosystems
(Sedia and Ehrenfeld 2003; Cornelissen et al. 2007; Allen
and Lendemer 2015). Viewed broadly, the responses of
this group to burning are highly variable, exhibiting
negative, neutral, or positive responses depending on an
array of interacting factors (see the extensive literature
review available at Fire Effects Information System, FEIS,
https://www.feis-crs.org/feis/). This range of responses
has been attributed to differences in aspects of fire re-
gimes including intensity and return interval (Johansson
and Reich 2005; O’Bryan et al. 2009; Zouaoui et al. 2014;
Wills et al. 2018), selective effects of fire on competing
vegetation and habitat structure (Hawkes and Menges
1996; O’Bryan et al. 2009), and the existence of un-
burned patches or other refugia (Holt and Severns 2005;
Johansson et al. 2006; Ray et al. 2015).
Terricolous lichens in the genus Cladonia P. Browne

are highly vulnerable to damage by fire due to their
physical proximity to flames spreading through the
understory fuel matrix that they inhabit (Yahr 2000;
Wills et al. 2018). Unlike other small-stature vegetation
that may be top-killed by fire, Cladonia lack protected
belowground structures that underlie this survival mech-
anism (Schulten 1985). Further, Cladonia exhibit low
live-moisture contents and rapid wetting and drying cy-
cles, rendering them available as fuel on short time
scales (Peet and Adams 1972; Sylvester and Wein 1981;
Péch 1991; Tuba et al. 1996), increasing the probability
of consumption or heating-related damage (Holt and
Severns 2005). However, Cladonia are thought to ac-
complish reproduction and dispersal primarily through
vegetative means, by which fragments of thalli contain-
ing the paired mycobiont and photobiont remain joined,
a mechanism that has been suggested as relatively well
adapted to short-distance colonization following fire dis-
turbance (Johansson et al. 2006).
Cladonia lichens are widely distributed, prominent

and ecologically important components of both tem-
perate and boreal forest systems (Yahr 2000; Sedia
and Ehrenfeld 2003; Jandt et al. 2008). Northern bor-
eal forests with a distinct Cladonia component are
characterized by an infrequent, often stand-replacing
fire regime (e.g., Stocks et al. 2001) followed by long
recovery periods of 50 to 100 yr (Johansson et al.
2006; Zouaoui et al. 2014; Russell and Johnson 2019).
Studies carried out in grassland systems, characterized
by a contiguous and combustible fuels, that tracked

the fate of Cladonia populations following burns have
typically reported high to complete mortality, with
survival relegated to rare unburned patches (Holt and
Severns 2005, Johansson and Reich 2005, Calabria
et al. 2016; but see Ferguson et al. 2009, O’Bryan
et al. 2009).
In temperate xeric scrub systems, the dynamics of open

growing space (gaps in the vegetation canopy) generated
and maintained by periodic fires is indicated as a primary
mechanism by which Cladonia are able to persist, even
though their density also tends to be positively correlated
with time since burn (Hawkes and Menges 1996; Menges
and Hawkes 1998; Menges et al. 2008). Rates of popula-
tion recovery following burns in Florida, USA, scrub are
often protracted owing to dispersal limitation and slow
growth (Yahr 2000). Conversely, some early work from
the New Jersey Pine Barrens reported increases in terrico-
lous lichen cover associated with frequent winter burning
(i.e., at 1 to 3 yr intervals; Buell and Cantlon 1953). Clado-
nia perforata A. Evans, one of two lichens covered by the
Endangered Species Act of 1973, is restricted to fire-
adapted scrub habitats in Florida (Yahr 2000; Allen and
Lendemer 2015). The International Union for Conserva-
tion of Nature assessment for this species explicitly recog-
nizes the important role that periodic fires play in
maintaining a sufficiently open canopy, and also notes the
likely role of unburned patches as refugia (Yahr 2003).
Understanding the conditions under which non-target

organisms like Cladonia can persist within frequent-fire
environments is a major knowledge gap in the field of
fire ecology. Developing this information is essential to
the articulation of management strategies to accommo-
date these organisms. The related concepts of ecological
safe sites (e.g.. Fowler 1988) and fire refugia (reviewed by
Meddens et al. 2018) suggest that population-level suc-
cess is mediated by interactions among various physical
and environmental factors overlain by a disturbance re-
gime, providing the general framework that informed
the design of our investigation. Specifically, we hypothe-
sized that variability in understory fuels and substrates,
and fire weather parameters, would be related to the fate
of seven Cladonia populations following prescribed fires
that were carried out as part of a management program
to restore globally rare inland dune habitats on the Del-
marva Peninsula of Maryland, USA. We used machine
learning techniques to identify the key physical and en-
vironmental determinants of Cladonia survival within
our study system and present a model describing inter-
actions among those factors.

Methods
Study area
This study took place on the Nassawango Creek Preserve
(NCP), located on the Eastern Shore of Maryland,
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Delmarva Peninsula, USA (38.30°, −75.47°). The property is
owned and managed by The Nature Conservancy (TNC)
and, with a total area of 4049 ha, is the largest privately held
conservation ownership in the state. The NCP is centrally
located within the Mid-Atlantic Coastal Plain (MACP) and
designated as Delmarva Uplands following the US Environ-
mental Protection Agency’s Level IV Ecoregions (Woods
et al. 1999). The setting is generally characterized by low re-
lief (6 to 30 m) and flat interfluves that are seasonally
poorly drained.
The study sites were restricted to unique areas of ex-

cessively drained sands and locally high elevations asso-
ciated with paleo-inland dunes of the Delmarva
Peninsula (Denny and Owens 1979; Newell and Dejong
2011). These aeolian features are estimated to have
formed between 30 000 to 13 000 BP and compose
~10% of the 17 763 ha Nassawango Creek Watershed
within which NCP is located. Characteristic soils consist
of medium- and fine-grained sands derived from the
Parsonsburg Formation. The xeric growing conditions
naturally support Inland Sand Dune and Ridge Wood-
land communities classified as Pinus echinata Mill.–
Quercus falcata Michx. and Q. nigra L.–Vaccinium pal-
lidum Aiton (NatureServe CEGL006851, Harrison 2016)
or Pinus virginiana Mill.–Quercus falcata–Carya pallida
(Ashe) Engl. & Graebn. (NatureServe CEGL006354,
Harrison 2016). Cladonia spp., specifically members of
Cladonia subgenus Cladina also known as reindeer li-
chens, are identified as a prominent component of these
globally rare (Global Conservation Status G3, vulnerable;
http://explorer.natureserve.org/granks.htm) communities
(Fig 1). The negative impacts of fire exclusion on the

native flora and fauna of inland dunes has been exacer-
bated by other drivers of habitat loss including develop-
ment and intensive forestry (Ray et al. 2015).

Management history
Large portions of NCP were acquired from industrial
forest owners focused on loblolly pine (Pinus taeda L.)
management. As a result, the dominant vegetation of the
dunes and surrounding uplands was characterized by
planted pine. TNC is managing these portions of the
property to facilitate transition to a more natural mixed-
species composition. Mechanical thinning, controlled
burning, and enrichment planting encompass the range
of practices used to achieve this goal. While the dune
habitats receive more focused attention, they typically
exist within larger blocks (i.e., Burn Units, BU) that span
a wider range of edaphic conditions. This study took
place on seven inland dunes nested within larger BUs
distributed across NCP. The coding scheme used to
identify the individual sites consists of “BU-” appended
by unique numbers or letters, as presented in Table 1.
The study sites had a recent history of timber har-

vesting and controlled burning (Table 1). The three
sites described as hardwood–pine-regrowth (HwPiR)
cover type were previously mature loblolly pine stands
with abundant hardwood advanced regeneration. In
mature pine stands, restoration treatments involved a
complete or heavy overstory removal to release
understory hardwoods, primarily site-adapted oak spe-
cies (Quercus spp.). The open-canopy pine- (OCPi),
closed-canopy pine- (CCPi), and pre-commercial pine-
(PCPi) sites represented earlier stages in the

Fig. 1 Example of a well-developed population of Cladonia distributed across the forest floor of a pine–oak woodland growing on an inland
dune in Worcester County, Maryland, USA, in 2017. Photo credit: D. Ray
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restoration management sequence, where financially
immature pine stands had been thinned more or less
aggressively (e.g., between ~9.2 and 18.4 m2 ha−1 re-
sidual basal area), or where small average tree size
limited timber harvest opportunities (i.e., the PCPi).
The prescribed fire program at NCP began in 2008 with

the area treated annually increasing from <40 ha yr−1

initially to an average of 400 ha yr−1 currently. The
longer-term fire history of these sites is largely unknown
but burning is presumed to have been infrequent and
outside of the historical range of variability. Initially, the
timing of burns was concentrated during the early grow-
ing season (Apr to May), but over time, the window was
expanded to include late growing season or early fall
(Sep to Nov), and late winter or early spring (Feb to
Mar) burns. All burns followed prescriptions outlined
in a plan developed and approved by TNC fire managers.
The preferred management sequence on sites domi-
nated by commercial-sized pines involves reducing
the canopy density via mechanical thinning prior to
initiating prescribed burning. Prescribed fires are
designed to move primarily through the understory,
reducing accumulated litter and top-killing small-
diameter understory trees, to promote occupancy by
site- and fire-adapted species, and to maintain a semi
open-canopy woodland structure. One notable excep-
tion to the common practice was an intentional
mixed-severity burn carried out at BU-16 in 2011
(Ray and Landau 2019), six years prior to the burn
reported on in this study, and we note that none of
the samples in this study were collected within areas
affected by high-severity fire effects (refer to Fig. 2).
The upland BUs within which the inland dunes are
situated are being burned on a nominal 2 to 3 yr re-
turn interval, at the short end of available estimates
(Frost 1998; Guyette et al. 2012). The interval be-
tween burns will be increased over time as

accumulated fuels are reduced and site-adapted vege-
tation becomes established.

Study design and field methods
Data collection for this study began in late spring 2015,
following completion of a plot-based study documenting
the effects of fire on corticolous lichens within this same
habitat type (Ray et al. 2015). That effort also generated
unpublished observations of fire effects on terricolous li-
chens that informed the current work. Our sampling ap-
proach involved surveying the inland dune portion of
the larger BUs for Cladonia prior to burning. An ap-
proximately area-proportional timed walkabout was used
to select the individual samples: between two and three
hours were spent traversing the spatial extent of the in-
land dune portion of each BU while marking individuals
with pin flags and recording their location with a Global
Positioning System (GPS). In doing so, we sought repre-
sentation of the various settings under which Cladonia
was found growing at each site (i.e., on bare soil, leaf litter,
moss mats, and coarse woody debris including cut stumps;
Fig 3). The sampling scheme ensured that the samples were
distributed across each BU in order to encompass antici-
pated variability in fire behavior.
The sampling units consisted of spatially isolated

individual Cladonia (n = 228), which were marked
by inserting narrow-diameter wire tag-stakes, with
uniquely numbered metal tags, through their centers,
extending into the substrate below; GPS coordinates
were recorded to aid in sample relocation. After se-
lection, each individual Cladonia was identified to
species and placed into one of three size classes
based on their largest diameter: small (<2.54 cm),
medium (2.54 to 10.16 cm), or large (>10.16 cm).
Characteristics of the proximate fuel bed within a 4
m2 area centered on the sample and delimited by a
square sampling frame were visually assessed and

Table 1 Summary of management history and weather conditions on the day of the most recent burn for the study sites. Timber
harvesting activities included overstory removal (OSR), commercial thinning (Thin), and establishment dates of new pine plantations
(Est). Daily weather conditions were obtained from the Salisbury Airport, located approximately 6.5 km northeast of the study areas.
RH = relative humidity; Temp = maximum temperature. The magnitude of the rain event that reset the count of the rain-free days
variable is given in centimeters, in parenthesis. Variables entered into the feature selection algorithm are indicated by an asterisk (*)

Site name Sample (n) Area (ha) Cover type
Harvest
type (yr)

Date
burned

Number of
prior burns*

Minimum
RH* (%)

Temp*
(°C)

Average wind
speed* (km hr−1)

Rain-free
days* (n)

BU-9 29 11.9 Hardwood–pine regrowth OSR (2008) 20 May 2015 2 44 22.2 16.1 1 (0.8)

BU-16 41 23.9 Pre-commercial pine Est (2004) 24 Feb 2017 1 57 23.3 11.3 7 (0.7)

BU-2 64 33.9 Hardwood–pine regrowth OSR (2007) 24 Feb 2017 1 57 23.3 11.3 7 (0.7)

BU-FT 30 2.4 Closed-canopy pine Est (1998) 23 Mar 2017 0 17 8.3 9.7 3 (0.4)

BU-10 20 41.7 Open-canopy pine Thin (2007)
Thin (2016)

10 Apr 2017 2 31 25 16.1 3 (1.0)

BU-8 16 2.3 Open-canopy pine Thin (2008)
Thin (2016)

20 Apr 2017 0 52 27.2 9.7 13 (1.0)

BU-7 28 21.1 Hardwood–pine regrowth OSR (2008) 20 Apr2017 2 52 27.2 9.7 13 (1.0)
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assigned relative scores (i.e., low, medium, high; Table 2).
Specifically, fuelbed continuity was evaluated as the ap-
proximate proportion (0 to 33% = low, 34 to 66% =
medium, 67 to 100% = high) of the sampling frame across
which fine fuels were distributed (leaf litter and small-
diameter twigs; i.e., 1-hour fuels). Composition was
assigned based on the proportional distribution of pine and
hardwood leaf litter, for which sample frames containing
approximately 90% pine or hardwood litter were assigned
to that type. A mixed designation was used in situations for
which the litter representing more than half of the total was
named first (e.g., a fuelbed composed of 75% hardwood and
25% pine would be denoted as hardwood > pine). Fuel
loads were visually estimated and assigned a ranking of low,
medium, or high, which was assessed on the basis of condi-
tions encountered across all sites. Quantitative variables
relevant to fire behavior were also measured at the time of
the burn, including fire weather (i.e., minimum relative hu-
midity, maximum temperature, average wind speed), dur-
ation of fuel drying leading up to the burn (rain free days),
and burn history was simply represented as the number of
previous burns, with the recognition that the interval be-
tween burns was similar across sites (Table 1)

The condition of individual samples was assessed during
field visits prior to the burn and immediately afterwards.
Post-burn condition, the dependent variable, was placed
into one of three damage categories: (1) intact—samples
that were not affected by the burn; (2) consumed—samples
for which only ash was found following the burn; and (3)
fragments—an intermediate category indicating that some
residual unburned thalli associated with the sample could
be found, although no attempt was made to assess their via-
bility. A systematic collection of pre- and post-burn photo-
graphs was obtained at each sampling location, providing a
permanent record of these data as interpreted in the field,
and which were consulted for clarification of possible data
entry errors (Fig. 3). Finally, the cover type variable (i.e.,
HwPiR, OCPi, CCPi, PCPi; Tables 1 and 2) was not used in
the analysis because it encompassed multiple independent
variables that were measured at finer scales, (i.e., fuel com-
position, continuity, and loading, as they relate to species
composition and overstory density).

Data analysis
Machine learning statistical techniques including Random
Forest (RF) and CART (Classification and Regression

Fig. 2 Overview of the study sites on the Nature Conservancy’s Nassawango Creek Preserve, Delmarva Peninsula, Maryland, USA, that highlights
the forest structure and composition of the inland dune portion of the Burn Units (BUs) and spatial distribution and post-burn condition of the
Cladonia individuals: (a) BU-8 (OCPi); (b): BU-10 (OCPi); (c) BU-FT (CCPi), (d) BU-7 (HwPiR); (e) BU-9 (HwPiR); and (f) BU-2 (HwPiR) and BU-16 (PCPi).
Cover types abbreviations: HwPiR = hardwood–pine regrowth, PCPi = pre-commercial pine, CCPi = closed-canopy pine, and OCPi = open-canopy
pine. The air photo was acquired in 2016 by MD iMAP, DoIT ( https://geodata.md.gov/imap/rest/services/Imagery/MD_SixInchImagery/MapServer)
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Tree) models were used to analyze these data (Kuhn and
Johnson 2013), as recent studies have demonstrated their
utility and advocate wider application in ecological studies
(De’ath and Fabricius 2000; Prasad et al. 2006; Cutler et al.
2007; Olden et al. 2008). Our justifications for taking this
approach included: (1) an expectation of non-linear and
interactive behavior among the variables; (2) the dataset
included a combination of qualitative and quantitative var-
iables; and (3) availability of a relatively large number of
predictor variables. Our primary objective for this analysis
involved developing a descriptive model, due in part to
the limitations of our qualitative approach to measuring
independent variables and our lack of direct measurement
of fire behavior. Therefore, while we do not advocate
using the resulting model to predict outcomes, we believe
that it has considerable utility as a general description of
likely system behavior, and may further be useful for
informing the design of more quantitative studies for pro-
ducing predictive models.
Initially we used an RF-based feature-selection algo-

rithm to identify the most important predictors of
Cladonia damage available in the dataset (n = 12, Tables 1
and 2). Specifically, the Boruta package in R (R Core
Team 2018) “finds relevant features by comparing ori-
ginal attributes importance with importance achievable
at random, estimated using their permuted copies

(shadows)” (Kursa and Rudnicki 2010). The default set-
tings were used, as suggested by the developers, to ob-
tain output that designated the independent variables as:
(1) confirmed important; (2) of tentative importance; or
(3) unimportant. Only variables that were confirmed im-
portant during this stage were carried forward to subse-
quent modeling steps to minimize the potential of
overfitting. While the iterative resampling approach
employed by RF provides a more robust approach to
prediction, and is insensitive to correlations among inde-
pendent variables, the resulting ensemble of models that
are averaged to make predictions yields output that is
less conducive to interpretation than simpler CART
models (Prasad et al. 2006). The final CART model that
we present as a description of system behavior was de-
termined after pruning informed by minimization of the
relative error associated with the complexity parameter
(cp) and specifying that any splits had to contain at least
10% of the sample (n = 23), both done to avoid overfit-
ting. We evaluated model performance in the context of
the individual sites, for which the full model was used to
forecast damage outcomes for Cladonia at each BU, with
the resulting confusion matrices providing the estimates
of accuracy. All analyses were carried out with R 3.5.1 and
CART modeling specifically using the rpart pack-
age (Therneau and Atkinson 2019).

Fig. 3 Examples of the range of fuel bed conditions at Nassawango Creek Preserve, Delmarva Peninsula, Maryland, USA, represented in the
dataset, including samples rated as having: (a) medium continuity, high loading, hardwood > pine litter fuel type, and a moss substrate; (b) high
continuity, medium loading, pine litter fuel type, and forest floor substrate; (c) high continuity, high fuel load, pine > hardwood litter fuel, and
wood substrate; (d) low continuity, low fuel load, hardwood litter fuel, and soil substrate. The Cladonia samples are located at the center of the
photographs, within the red squares. All photos are pre-burn conditions in 2015 to 20117. Photo credit: D. Ray
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Table 2 Categories of non-weather-related independent variables (rows) summarized by post-burn damage class for the Cladonia
samples (columns). Values are counts followed by proportions in parentheses. Variables entered into the feature selection algorithm
are indicated by an asterisk (*)

Sample
size (n)

Post-burn condition of Cladonia

Intact (n) Fragments (n) Consumed (n)

Cover type (number of sites)

Hardwood–pine regrowth (3) 121 67 (0.55) 31 (0.26) 23 (0.19)

Pre-commercial pine (1) 41 1 (0.02) 19 (0.46) 21 (0.51)

Closed-canopy pine (1) 30 0 (0.00) 12 (0.40) 18 (0.60)

Open-canopy pine (2) 36 4 (0.11) 13 (0.36) 19 (0.53)

Prior burns* (n)

0 46 1 (0.02) 18 (0.39) 27 (0.59)

1 105 46 (0.44) 31 (0.30) 28 (0.27)

2 77 25 (0.32) 26 (0.34) 26 (0.34)

Cladonia size class* (diameter)

Small (<2.5 cm) 47 18 (0.38) 9 (0.19) 20 (0.43)

Medium (2.5 to 10 cm) 138 43 (0.31) 48 (0.35) 47 (0.34)

Large (>10 cm) 43 11 (0.26) 18 (0.42) 14 (0.33)

Cladonia position relative to forest floor*

Above 189 69 (0.37) 54 (0.29) 66 (0.35)

Within 39 3 (0.08) 21 (0.54) 15 (0.38)

Litter incorporated within Cladonia*

No 104 55 (0.53) 22 (0.21) 27 (0.26)

Yes 124 17 (0.14) 53 (0.43) 54 (0.44)

Fuel type*

Hardwood 77 39 (0.51) 22 (0.29) 16 (0.21)

Hardwood>pine 40 2 (0.05) 17 (0.43) 21 (0.53)

Pine>hardwood 59 3 (0.05) 25 (0.42) 31 (0.53)

Pine 25 1 (0.04) 11 (0.44) 13 (0.52)

Bare soil 27 27 (1.00) 0 (0.00) 0 (0.00)

Fuel loading*

Low 26 23 (0.88) 1 (0.04) 2 (0.08)

Medium 80 34 (0.43) 27 (0.34) 19 (0.24)

High 122 15 (0.12) 47 (0.39) 60 (0.49)

Fuel continuity*

Low 44 42 (0.95) 1 (0.02) 1 (0.02)

Medium 88 28 (0.32) 34 (0.39) 26 (0.30)

High 96 2 (0.02) 40 (0.42) 54 (0.56)

Substrate*

Soil 36 26 (0.72) 6 (0.17) 4 (0.11)

Moss 63 17 (0.27) 28 (0.44) 18 (0.29)

Wood 32 11 (0.34) 4 (0.13) 17 (0.53)

Litter 97 18 (0.19) 37 (0.38) 42 (0.43)
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Results
Characteristics of the sample
Hardwood–pine regrowth (HwPiR) with a history of re-
cent burning was the most common condition class rep-
resented in this study, with three sites (of seven total),
and accounting for 53% of the Cladonia samples (121 of
228). The remaining samples were distributed among
pine-dominated sites with variable management histories
and stand structures (Table 1). Following the prescribed
fires carried out for this study, these sites represented ex-
amples of the cumulative effects of one (n = 2), two (n = 2),
and three (n = 3) burns on individual Cladonia. In general,
timber harvests were more frequent and had occurred
more recently at the mature pine-dominated sites (i.e.,
OCPi; Table 1).
Although we did not set out to constrain the sample to

a single Cladonia species, all individuals included in the
study were identified as C. subtenuis (Abbayes) Mattick,
which is widely distributed in the MACP and southeastern
US (Lendemer and Noell 2018). While it was not difficult
to find samples within the study areas that had a recent
history of burning, the previously unburned sites did yield
the highest proportional representation of samples in the
largest size class at 39%, versus 14% and 13% at the once
and twice burned sites, respectively (Table 2). Following
the burns, the residual condition of all samples was fairly
evenly distributed among the three damage classes, with
72 found intact, 75 as recoverable fragments, and 81 en-
tirely consumed. However, most of the intact samples
(93%) were associated with the HwPiR cover type, and
nearly three quarters (58 of 81) of all consumed samples
were associated with a pine cover type (OCPi + CCPi +
PCPi; Table 2). Residual fragments were more equitably dis-
tributed between cover types, with 41% located in HwPiR
and 59% under pines.
Litter composition of the understory fuelbed, evaluated

in proximity to the samples, tracked closely with the
cover type, whereby 94% of the plots in the HwPiR type
were rated as hardwood-litter dominant, and 73% of the
plots in the pine type were pine-litter dominant. Hard-
wood understories are a common feature of mature pine
stands at these sites. When viewed across all sites and
plots, there was a roughly proportional split between lit-
ter assessed as hardwood (51%) or pine (37%) dominant
(Table 2). Fuel loading and fuel continuity were charac-
terized as either high or medium at the majority of sam-
ple locations, at 89% and 81%, respectively (Table 2).
Cladonia subtenuis were found growing on a number of
different substrates, including samples established on
soil (16%), moss (28%), dead wood (14%), and leaf litter
(42%) (Table 2, Fig. 3). Slightly over half (54%) of the
samples had leaf litter or small pieces of wood, or a
combination of the two, incorporated into their thalli.
Further, while the majority of samples were physically

positioned on top of these substrates, 39 samples (17%)
were located within the forest floor, having been partially
to almost completely buried by leaf litter, potentially
affording some protection from damage depending on
burn depth.
The quantitative fire weather variables (Table 1) exhib-

ited limited variability related to the use of daily aver-
ages, and because multiple burns were carried out on
the same dates. While a few values stand out, including
the minimum relative humidity (RH) on the day of the
burn at the BU-FT site, and the number of rain free days
for the BU-7, BU-8, and BU-9 sites, the majority of the
values were similar (Table 1). This is not unexpected
given we followed a burn plan calling for a safe range of
weather-related parameters. In contrast, variables de-
scribing characteristics of the understory fuel beds and
substrates where the samples occurred exhibited sub-
stantial variability both within and across sites (Table 2).

Descriptive model
Of the 12 predictor variables entered into the Boruta
feature selection algorithm, three qualitative descriptors
of the fuelbed were identified as the top predictors of
Cladonia damage following a burn (Fig. 4). In particular,
fuel continuity and fuel type variables were the most im-
portant, followed closely by fuel load. Among the five
additional variables confirmed as important, two were
attributes of the fuel bed (substrate and whether litter
was incorporated into the thallus), and one was related
to fire weather (minimum relative humidity on the day
of the burn). Other variables describing the individual
sample (size class) and recent fire history (prior burns)
were also included. The remaining four variables, pri-
marily those related to fire weather, were identified as ei-
ther tentative or unimportant. All variables having
importance values greater than the maximum of the
shadows (Fig. 4) were considered when fitting the CART
model.
The final classification tree contained three predictor

variables: fuel continuity, fuel type, and substrate, ranked
in order of importance in driving the model branching
pattern. This result was largely consistent with expecta-
tions established through the feature selection process
(Fig. 4); considering that step did not evaluate possible
correlations between the independent variables. The final
tree consisted of seven nodes, including three branches
and four terminal leaves representing the predicted out-
comes (Fig. 5). The overall misclassification rate for out-
comes was 45.2% (or ~55% accuracy) based on the cross-
validation procedure implemented by “best cp” in
rpart. According to the confusion matrix, classification
error rates for the individual outcomes were 40.7% for
consumption, 64.0% for fragmentation, and 9.7% for the
samples that remained intact. If the forecast outcomes
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were aggregated into two classes, consumed versus frag-
mented and intact, 165 of 228 samples would be allo-
cated correctly, implying an accuracy rate of ~72%.
Intuitively, at locations where fuel continuity was low,

the model indicates that the probability of finding sam-
ples intact following the burn was very high, at 0.95 (Fig.
5). The other pathway with a no damage outcome in-
volved a fuelbed of hardwood litter, with high or
medium continuity. However, in this scenario, the prob-
ability of samples being found intact was only 0.39, al-
though there was a combined 0.75 probability that the
sample would either be intact or fragmented (0.36). At
the other end of the damage spectrum, in settings where
samples were growing on a dead wood substrate or litter
and the composition of the surrounding fuel had at least
a component of pine needles, the probability of con-
sumption was 0.62 (Fig. 5). Yet under these same param-
eters of composition and continuity, samples growing on
moss or soil substrates were afforded some level of pro-
tection, by which the joint likelihood of fragmentation
(0.57) or remaining intact (0.06) was 0.64.
Accuracy of model forecast outcomes at individual BUs

ranged from a low of 0.45 at BU-9 up to 0.70 at BU-2

when considering all three damage categories (Fig. 6). Ag-
gregating the fragmented and intact damage classes re-
sulted in ~10% increase in accuracy when averaged across
all sites, despite no changes at BU-8 and BU-FT. While no
attempt was made to test this assertion, accuracy appeared
to be somewhat higher at the sites subjected to more res-
toration management practices (i.e., burning and timber
harvesting to reduce pine density). The accuracy values as-
sociated with BU-9 were most dramatically increased
when viewed in context of the two versus three possible
outcomes (Fig. 6).

Discussion
We tracked the fate of individual Cladonia subtenuis in
response to prescribed burns in order to develop a de-
scriptive model of damage outcomes within frequent-fire
woodland environments of the MACP. The decision to
stratify the sample across a range of substrates and
fuelbed characteristics was important for identifying
factors associated with fine-scale refugia for this fire-
vulnerable life form. Variables included in the classifica-
tion tree model (Fig. 4) portray intuitive relationships
and advance understanding of the conditions that likely

Fig. 4 Boruta package in R (Kursa and Rudnicki 2010) Random Forest-based variable reduction algorithm ranking importance of the 12
independent variables measured in this study on The Nature Conservancy’s Nassawango Creek Preserve, Delmarva Peninsula, Maryland, USA, in
2017. Shadow variables are in blue, variables confirmed as unimportant in red, tentative in yellow, and confirmed important in green. Temp
max = maximum temperature; min = minimum; max = maximum. Box plot features are as follows: circles are outliers, dashed-line “whiskers” are 1.5 times
the interquartile range, rectangle is the first and third quartiles, and horizontal bar is the median
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confer protection, or conversely increase vulnerability, to
Cladonia during prescribed burns. In combination, ap-
parent differences in fuelbed continuity and the pyro-
genicity of leaf litter emerged as key determinants of the
survival of individual samples. We also found support
for observations that specific substrates either increased
the probability of damage (i.e., growing on dead wood)
or provided some protection (i.e., growing on moss). Ex-
posed patches of sand, represented in the model by low
fuelbed continuity and a soil substrate, were also consist-
ently associated with survival.
Previous studies that link fire with damage to Cladonia

populations did not track the fate of individuals or
explicitly sample across a wide gradient of factors hy-
pothesized to discriminate among outcomes. Rather,
plot- or quadrat-based sampling of pre- or post-burn
percent cover (e.g., Yahr 2000; Holt and Severns 2005)
or chronosequence approaches were used (e.g. Hawkes
and Menges 1996; Russell and Johnson 2019), sometimes

accompanied by descriptions of associated site factors
(e.g., Johansson et al. 2006; Zouaoui et al. 2014). Further,
characterization of the residual condition of samples in
this study was not limited to a binary classification of
survival or destruction by fire. Fully one third of all sam-
ples (n = 75) were assessed as having been damaged, yet
not entirely consumed by the burns; hence, some re-
sidual uncharred fragments remained that could poten-
tially participate in dispersal or reestablishment. Following
controlled burns at wet prairie sites in Oregon, USA,
Holt and Severns (2005) tracked the re-greening of a
subsample of Cladonia in the lab and reported that ap-
proximately half of the fire-damaged individuals recov-
ered after rewetting. However, because we did not track
long-term survival, it is not possible to state definitively
whether fragments in our study remained viable. That
vegetative fragmentation is considered to be the major
reproduction and dispersal mechanism for Cladonia
suggests that this fraction of the sample may be relevant

Fig. 5 Classification tree model showing the probability of prescribed fire resulting in damage to Cladonia samples associated with different
combinations of the independent variables measured in this study (Tables 1 and 2, Fig. 4). Nodes representing the important independent
variables (1 through 3) and outcomes (4 through 7) are connected by lines representing splits driven by the values of the independent variable
at the higher-level node. A probability distribution of outcomes is presented in the bottom row where the terminal nodes represent both the
model prediction associated with a given combination of independent variables (e.g., that the sample would be consumed at node 4) and the
observed dispersion of outcomes within a given node, where C = consumed, F = fragmented, and I = intact
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to their persistence following burns (Hammer 1997;
Heinken 1999; Steinová et al. 2019).
The fact that individuals were available to sample at the

sites with a recent history of prescribed fire provides evi-
dence that they were not eliminated by prior burns. None-
theless, we observed C. subtenuis to be both smaller and
less abundant at more frequently burned areas; no inland
dune sites on NCP currently under restoration manage-
ment were excluded from the study due to an absence of
Cladonia. While our sampling scheme was well suited to
developing a descriptive model of vulnerability to damage
by fire, it did not allow quantification of Cladonia density
or cover metrics for comparison among sites, something
we acknowledge as a limitation. Anecdotally, in contrast
to the archetype depicted in Fig. 1, which portrays a high
density of relatively large Cladonia, their distribution on
inland dune sites in this study was markedly sparser. Be-
yond the generalities presented in the representative
habitat-type descriptions (Harrison 2016), there are no

data available on the historical range of variability for the
density or composition of Cladonia within these habitats.
We speculate that, while it is reasonable to view Cladonia
spp. as having been a prominent feature of historical in-
land dune habitats on the Delmarva Peninsula, it is less
likely that they were analogous to the large mat-forming
aggregations found in the xeric fire-adapted habitats of
the proximate New Jersey Pine Barrens (e.g., Buell and
Cantlon 1953; Sedia and Ehrenfeld 2003).

Fire regime, forest structure, and understory fuels
Available evidence suggests that the historical fire re-
gime for uplands within the region encompassing our
study area corresponded to low-severity understory
burns at a relatively short return interval of 4 to 12 yr
(Frost 1998; Guyette et al. 2012). Inland dunes are the
most extreme example of upland sites on the Delmarva
Peninsula, and TNC has re-introduced a frequent-fire
regime as part of the restoration management program

Fig. 6 Proportion of outcomes accurately classified by the CART model from the confusion matrices. The model as fit has three possible
outcomes (C, F, I) but is also summarized here as two outcomes, for which samples were either consumed (C) or a combination of intact (I) and
fragmented (F). The individual sites (BU) are labeled and grouped by cover type: HwPiR = hardwood–pine regrowth, OCPi = open-canopy pine,
CCPi = closed-canopy pine, and PCPi = pre-commercial pine. The dotted horizontal reference line corresponds to 50% accuracy
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on holdings containing those habitats (Ray et al. 2015;
Ray and Landau 2019). Given the objective of re-
establishing an oak–pine overstory composition at these
recently or currently pine-dominated sites, we acknow-
ledge research suggesting that upland oaks may require
extended fire-free intervals in order to successfully grow
into the overstory (e.g., Arthur et al. 2012). In combin-
ation, it is the density and composition of the overstory
trees that determined the nature of the leaf-litter-
dominated fuelbed throughout which Cladonia were dis-
tributed at our study sites (Fig. 2; Table 1). Three attri-
butes of these fuelbeds most relevant to fire behavior
(see Varner et al. 2015) include composition, continuity,
and loading. Our study characterized these variables at
fine spatial scales, consistent with contemporary studies
indicating that fire behavior and related effects track
subtle changes in available fuels within frequent-fire en-
vironments (Hiers et al. 2009; Mitchell et al. 2009; Ellair
and Platt 2013).
Fuel types were differentiated on the basis of the pro-

portional abundance of pine needles and hardwood
leaves in this study, without further resolution to genus
or species. However, we can state with confidence that
the pine needles were almost exclusively derived from
loblolly pines, and the hardwood leaves were primarily
comprised of southern red oak (Quercus falcata), water
oak (Q. nigra), and sweetgum (Liquidambar styraciflua
L.), in order of their relative abundance across sites. A
study that investigated the flammability characteristics
of southeastern US oaks was able to differentiate among
groups referred to as fire facilitators (including Q. falcata)
and fire impeders (including Q. nigra) (Kane et al.
2008; Kreye et al. 2013), suggesting that our hardwood
litter category likely encompassed a range of flammabil-
ity characteristics. Even so, the probability that samples
would be found intact or fragmented (versus consumed)
was elevated for fuelbeds that consisted of only hard-
wood litter compared to those with a notable component
of pine needles (Fig. 5). That our fuel types with a compo-
nent of pine needles, assumed to be the most flammable
constituent, were not further separated in the model is
also consistent with a study of litter flammability charac-
teristics of mixed Western conifers, in which the litter of
the most flammable species was the primary driver of fire
behavior (de Magalhaes and Schwilk 2012).
Fuelbed continuity drove the first split in the classifica-

tion tree (Fig. 5) and was identified as similar in import-
ance in discriminating outcomes as fuel type (Fig. 4). We
acknowledge a potential limitation of our approach to
characterizing this variable in situations for which fuels
were rated as contiguous (i.e., high or medium) at the
scale of an individual sample frame (see Methods; Fig. 3)
but which could have been isolated from the fire due to
discontinuities in the adjacent fuelbed. However, it is

unlikely that this scenario substantially affected our re-
sults given the generally contiguous nature of the under-
story fuels at most of our sites, and further given the
way ignition was carried out during the prescribed fires,
with areas of available fuel being sought out and ignited
by hand crews for perceived safety reasons (discussed in
more detail below). Differences in fuel loading appeared
less important and were not included in the final classifi-
cation tree, despite being assigned a relatively high im-
portance value during the feature selection step (Fig. 4).
One possible explanation for this is that, at the scale of
our sampling frame, there was a positive correlation be-
tween the fuel loading and continuity variables (Spearman
rho = 0.558, P < 0.001), suggesting some redundant
information. Also, because the burns tended to consume
the upper portion of the litter layer, and the individual
samples were overwhelmingly positioned on top (86% of
all samples; Table 2), it follows that fuel continuity,
taken in the context of composition, would exert a larger
influence on outcomes than loading. While we antici-
pated that samples partially buried within the litter layer
may have been afforded some protection due to moister
conditions, the outcomes reported here do not support
that idea (Table 2).

Fire refugia
The nature of fire refugia available to Cladonia during
burns, to the extent that they exist, varies across ecosys-
tem types and associated fire regimes, and in relation to
fire behavior during individual burns. Our analysis fo-
cused on discontinuities, composition, and loading of
dead or cured understory fuels at distances of centime-
ters to meters, the scale hypothesized to be most relevant
to our study system given the size of the focal organism.
Observations from ecosystems characterized by stand-
replacing fire regimes have generally stressed the import-
ance of unburned vegetation patches within much larger
wildfire perimeters or outside of the burn area as poten-
tial sources for recolonization during relatively long fire-
free intervals (e.g., 50 to >100 yr; Maikawa and Kershaw
1976, Zouaoui et al. 2014, Wills et al. 2018). While post-
disturbance dispersal from adjacent areas likely plays
some role in Cladonia dynamics on inland dunes of the
Delmarva Peninsula, it is unclear to what extent it may
help explain their historical densities in the context of a
frequent low-severity fire regime, assuming slow
colonization and growth rates (e.g., Heinken 1999). How-
ever, the importance of adjacent unburned source areas
may be enhanced in the contemporary landscape due to
the combined effects of the relatively small size of our
prescribed fires (e.g., typically much less than 100 ha) and
the relative abundance of Cladonia we observed along
woods roads used as fire breaks.
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Our samples were most frequently damaged in areas
where the forest floor was composed of highly flam-
mable pine needles that were evenly distributed across
the forest floor. Considering the two sites where this
combination of factors represented the dominant fuel
model (i.e., BU-16 and FT; Table 2, Fig. 1), only 1% of
Cladonia remained intact following the burns. It is pos-
sible to draw parallels with research in grassland systems
where Cladonia growing within areas of highly combust-
ible and contiguous fuels were found to suffer high rates
of mortality (Holt and Severns 2005; Johansson and
Reich 2005; Calabria et al. 2016). However, in contrast
to the relatively homogenous fuels present in grassland
systems, our fuelbeds included mixed-species leaf litter
with different flammability characteristics (Kane et al.
2008; Weir and Limb 2013) and exhibited considerable
variation in contiguity. Both factors are related to stage
of restoration management underway at the individual
sites (Table 2, Fig. 2).
According to the classification tree model, samples were

most likely to avoid damage during a burn following the
low fuel-continuity pathway (Fig. 5). This intuitive result
arises from the fact that fires moving through the under-
story do not travel across areas that lack available fuels
(e.g., bare soil, rocks, wet areas). Work from xeric scrub
systems in central Florida, which are similar to our inland
dunes in terms of physiognomy and fire regime, suggests
that Cladonia tends to occupy formerly open sand patches
associated with canopy gaps and, further, that their cover
tends to increase over time between fires (Hawkes and
Menges 1996; Menges et al. 2017). It has been argued that
the reproductive ecology of Cladonia, characterized as a
“seeder” due to reliance on windblown fragments, re-
sprouting, or clonal growth, is favored in openings gener-
ated and maintained by periodic fires (Menges and
Hawkes 1998; Yahr 2000). While not documented in this
study, time spent carefully inspecting the forest floor at
two of the previously burned sites included in this study
revealed the presence of relatively abundant small Clado-
nia fragments that were not detected during our walk-
about sampling scheme. This is generally consistent with
the description of post-burn Cladonia dispersal dynamics,
by which fragments (and some spore-derived
reproduction) thought to originate from unburned
patches, readily disperse into the surrounding recently
burned matrix (Yahr 2000).
The substrates on which we collected samples in-

cluded dead wood, moss, and soil (Table 2; litter was
discussed in the previous section). Viewed in rank order
of feature importance (Fig. 4), substrate was identified as
the least influential of the predictor variables retained in
the classification tree. However, this illustrates a poten-
tial advantage of using the CART model approach for
the purpose of describing system behavior, whereby the

influence of correlated independent variables is dis-
counted relative to their treatment in an RF model. In
the case of samples growing on dead wood, which, as
represented in the tree model, were also associated with
a medium or high continuity fuel bed, the likelihood of
consumption was substantially elevated at roughly 3:1
odds (Fig. 5). The dead wood substrates consisted of
relatively small-diameter sections of tree stems and low-
cut stumps, apparently not sufficiently elevated off of the
forest floor to confer protection, at least when the sur-
rounding fuelbed was rated as contiguous and flam-
mable. While we are not aware of any other studies that
have evaluated the possible role of dead wood substrates
during burns, findings from some related research sug-
gest that dead wood is a preferred colonization site for
Cladonia following burns (Yahr 2000; Johansson et al.
2006). Moss was the only substrate (other than hard-
wood litter) identified in this study as providing a degree
of protection when fuelbed contiguity was high. Some
additional support for this role was provided by research
carried out in a grassland system, suggesting that mosses
may alter fire behavior in ways that can confer some
protection to co-occurring Cladonia (Holt and Severns
2005; Johansson and Reich 2005). Interpretation of out-
comes associated with the soil substrate, which was
grouped with moss in the model (Fig. 5), needs to take
into consideration how it was defined in this study, spe-
cifically in the context of how it influenced assessment
of the contiguity of the surrounding fuelbed where soil
substrates were the primary determinant of discontinu-
ous fuels. Although not explicitly reflected in the classifi-
cation tree diagram, soil substrates were primarily
associated with the low- and medium-continuity fuel-
beds, which represented the lowest overall probability of
damage by fire.

Conclusions and management recommendations
Consistent with expectations, we found that Cladonia sub-
tenuis was vulnerable to damage by fire during low-severity
prescribed burns, in which approximately two thirds of the
individuals studied were either consumed or reduced to
fragments. Even so, the fact that Cladonia were available to
sample at sites with a recent history of burning suggests that
reintroduction of this management practice did not elimin-
ate them. The characteristics of putative fire refugia identi-
fied in this study included discontinuities in the fuelbed:
areas characterized by a preponderance of low flammability
hardwood litter, or areas on top of relatively fire-resistant
substrates includingmoss and bare soil. In contrast, vulner-
ability to damage was elevated in areas where flammable
pine-needle litter was contiguous and on dead wood sub-
strates. Fuelbed discontinuities and the relative abundance
of hardwood litter increased with the level of restoration
management underway at the various sites (Table 2). While
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our study focused on a single widely distributed species, our
observations of Cladonia subtenuis are likely more broadly
applicable to Cladonia subgenus Cladina given the mor-
phological and ecological similarities of the species within
that group (Ahti 1961). The same may also be true for
species belonging to other groups of Cladonia that have
large, cushion-forming, densely branched morphologies
(Ahti 2000).
Available research suggests that managers contemplat-

ing prescribed burning in fire-adapted systems, particu-
larly those for which exposure to fire has been
interrupted for an extended period, should attempt to
understand and mitigate unintended consequences that
may be associated with reintroducing fire (Wade et al.
1998; Varner et al. 2005; Ryan et al. 2013). This is par-
ticularly true for areas that harbor high levels of bio-
diversity, including rare and threatened species, as is the
case for the globally rare inland dune sites reported on
here. However, equally important is the mesophication
of fire-adapted forests, including woodlands and sa-
vannas, which may only be addressed through the ap-
propriate use of fire in the eastern US (Nowacki and
Abrams 2008; Ryan et al. 2013). Thus, a central challenge
faced by managers of fire-adapted habitats involves balan-
cing the need to maintain the characteristic structure and
composition of vegetation brought about by periodic
burns, while not diminishing vulnerable resident popula-
tions to the point that they are unable to recover and
benefit from those conditions (e.g., Russell 1999; Swengel
2001; Fontaine and Kennedy 2012; Perry 2012).
Because the forest composition and structure at these

inland dune sites was inconsistent with desired future
conditions (see Harrison 2016), the initial management
intervention at five of the seven sites involved reducing
the density of overstory loblolly pines through commer-
cial timber harvests. Treatments were carried out using
a combination of low-density thinning and overstory re-
movals in areas where site-adapted hardwoods (mainly
oaks) were abundant in the midstory. Thinning of
commercial-sized pine trees had several potential bene-
fits relevant to Cladonia. First, it opened the canopy,
providing a more favorable light regime for their growth
in the understory. Second, the future inputs and con-
tinuity of associated needle cast were reduced. More-
over, in areas where hardwoods were released and
protected from logging damage, there was an accom-
panying shift in the composition of litter inputs to the
fuelbed, with implications for fire behavior. The pros-
pects of accomplishing similar changes using fire alone
were deemed unlikely given the superior fire tolerance
of large thick-barked pines versus medium-sized hard-
woods including oaks (Starker 1934; Pausas 2015). We
acknowledge the potential for timber harvests to initially
generate large inputs of slash, potentially increasing fire

severity and threat of damage to non-target organisms dur-
ing prescribed burns (e.g., Lindenmayer et al. 2009; Schwilk
et al. 2009). However, that threat was minimized due to the
logging system employed, in which delimbing took place at
the landing and tops and branches were redistributed to
the main skid trails to minimize soil compaction.
The prescribed burns carried out for this study were

not conducted to favor the survival of Cladonia, aside
from instructing igniters to not intentionally pour drip-
torch fuel directly on top of samples, which were indi-
cated by pin flags. Other researchers have suggested the
possibility of protecting Cladonia-rich areas identified
prior to a burn to avoid high mortality rates (Holt and
Severns 2005; Calabria et al. 2016). The need, whether
perceived or real, to proactively guard Cladonia from
damage by fire in systems where they used to coexist
should also be viewed in the context of the overarching
effects of fire exclusion. It is generally recognized that
the accumulation of fuel loads and their continuity that
develops over extended fire-free intervals may lead to
more intense and complete burns than would have taken
place within a more diverse mosaic of fuelbed conditions
that were characteristic of systems exposed to natural
fire regimes (see Ryan et al. 2013). Thinning the over-
story prior to burning may have the additional benefits
of increasing rates of litter decomposition (e.g., Chen
et al. 2014) and allowing wind to reach the understory
and redistribute light surface fuels, both of which can
help to restore variability to the fuelbed, given time be-
fore burning. Even so, we speculate that the survival of
Cladonia and other sessile non-target organisms could
be enhanced by active protection from fire and may be
worth considering early in the process of restoring fire
to systems from which it has long been excluded.
An approach to ignition that involves burning around

trees identified for protection prior to arrival of the main
fire line has been used successfully during prescribed
burn operations to safeguard their habitat value (e.g.,
Williams et al. 2006). That technique could be employed
to protect selected areas with a high density of Cladonia
by creating a perimeter around them to reduce the
chances of fire crossing into those areas during the burn.
Raking or leaf blowing can also be an effective means of
quickly creating fire lines around small areas. Another
possibility involves wetting down areas identified for
protection shortly before the fire moves through the
area, something we typically do to protect wooden deer-
hunting infrastructure or other jackpots of fuel located
within a BU. Depending on accessibility, this can be ac-
complished with backpack sprayers, ATVs mounted with
water tanks, or pulling hose from a pump truck if along
a drivable fire break. These methods may usefully be
employed in combination (e.g., blacking out and wetting,
or raking or leaf blowing and wetting), in order to
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increase chances of success. We also advocate for the
development of burn plans (and importantly, their im-
plementation) that accommodate retention of unburned
patches within burn blocks, instead of aiming to burn
out the entire footprint. Approaching prescribed burning
in this way can be expected to accrue some benefit to
fire-vulnerable non-target organisms without adding to
the complexities of carrying out prescribed burns (i.e.,
active protection operations). While this patch-mosaic
approach does not explicitly protect Cladonia, it is con-
sistent with recommendations others have made for ac-
commodating an array of biodiversity concerns when
using prescribed fire (Ryan et al. 2013).
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