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Abstract

1. Fire is a strong ecological and evolutionary driver of plant species and terres-

trial ecosystem dynamics. Numerous studies have shown that plant species
vary widely in their flammability and associated traits that coincide with clear
strategies of persistence in fire-prone ecosystems. Yet, intraspecific variation
and phenotypic plasticity in plant flammability has received substantially less
attention. Some evidence has demonstrated high plasticity in flammability

among populations in species adapted to low-frequency, high severity fire re-

Email: jkane@humboldt.edu gimes which suggests the capacity of local adaptation; however, intraspecific

Handling Editor: Frank Gilliam variability of species in high-frequency, low severity fire regimes has not been
conducted. Given that frequent fire-adaptive species tend to produce fast-
flammable litter that is associated with survival following fire, we hypothesized
that these species would have highly conserved leaf traits with low variation in
litter flammability.

2. We used an existing common garden study to test our hypothesis in Pinus rigida
(pitch pine) with source populations that span most of its distribution in eastern
North America. We examined both phenotypic and genotypic variation as well
as phenotypic plasticity (relative distance plasticity index) in P. rigida leaf traits
and litter flammability among populations grown in situ (population) and the
same populations grown in a common garden or provenance study (provenance).

3. Phenotypic and genotypic variation in fuel traits and litter flammability dif-
fered among source locations. Phenotypic plasticity in litter flammability among
source locations were associated with fuel trait plasticity and biogeographic fac-
tors. Populations located in warmer and drier climates with presumably more
frequent historical fire regimes were associated with greater plasticity in physi-
cal litter traits and their resulting flammability.

4. Synthesis. Our study demonstrates the utility of common garden experiments
to examine intraspecific variation and phenotypic plasticity in litter flammabil-

ity. Our results indicate that litter flammability in Pinus rigida has the capacity

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
© 2022 The Authors. Journal of Ecology published by John Wiley & Sons Ltd on behalf of British Ecological Society.

1138 wileyonlinelibrary.com/journal/jec Journal of Ecology. 2022;110:1138-1148.


www.wileyonlinelibrary.com/journal/jec
mailto:﻿
https://orcid.org/0000-0003-1453-9608
https://orcid.org/0000-0003-0175-558X
https://orcid.org/0000-0003-3781-5839
https://orcid.org/0000-0002-5801-5614
http://creativecommons.org/licenses/by/4.0/
mailto:jkane@humboldt.edu
http://crossmark.crossref.org/dialog/?doi=10.1111%2F1365-2745.13857&domain=pdf&date_stamp=2022-02-28

KANE ET AL.

Journal of Ecology 1139

KEYWORDS

plant traits, provenance

1 | INTRODUCTION

Fire has been a major ecological and evolutionary driver that has long
shaped plant species and terrestrial ecosystems world-wide (Bond &
Keeley, 2005; Bowman et al., 2009). Not only do plants respond to
fire, but plants also serve as the primary source of fuel that directly
influences the ignition and combustion of fire (Rothermel, 1983).
Thus, many plant traits are interpreted to be adaptations to certain
fire regimes that promote avoidance, resistance or recovery strate-
gies following fire (Keeley et al., 2011; Keeley & Zedler, 1998). This
process, referred to as ‘niche construction’, suggests that plants
have traits selected by fire that, in turn, modify their environments
and the environments of competing neighbours to promote fitness
advantages (Schwilk, 2003). One such way species in fire-prone eco-
systems can modify their environments is through their flammabil-
ity, or a species' ability to ignite, combust and spread fire (Varner,
Kane, Banwell, & Kreye, 2015).

While there has been considerable debate about the degree to
which plant flammability is an evolutionary adaptation to fire, multi-
ple lines of evidence continue to support this possibility. Early criti-
cisms of the Mutch (1970) hypothesis, that fire was a selective force
promoting ecosystem flammability, were dismissed for being ‘group
selectionist’ (Snyder, 1984; Troumbis & Trabaud, 1989). Subsequent
modelling and field experiments have demonstrated that enhanced
flammability could have been selected as a suite of traits that con-
fers fitness advantages at the individual plant level (e.g. Bond &
Midgley, 1995; Kerr et al., 1999; Schwilk, 2003). Still, there is a per-
sistent perspective that plant flammability may be environmentally
determined rather than selected for by fire (Midgley, 2013). Isolating
the causal mechanism of adaptation remains a challenge, but contin-
ued research examining possible evidence in support of or in refuta-
tion of existing ideas is needed to advance our understanding.

Three flammability strategies have been proposed that align
with other known fire-adaptive traits and promote fitness benefits
to plants in fire-prone environments (Pausas et al., 2017). In the
first strategy, plant traits result in rapid low-intensity fires (i.e. ‘fast
flammable’) often paired with thicker bark and self-pruning branches
that limit fire-caused mortality and reduce competition from less
fire-tolerant species. In the second strategy, species have traits that
promote high-intensity, long duration fire (i.e. ‘hot flammable’) bene-
fit from reduced competition and higher quality seedbed conditions
that commonly occur following fire. These species tend to have

in plant flammability.

for local adaptation. We hypothesize that intraspecific variation in plant flam-
mability provides ecologically and evolutionary relevant information and that

other frequent fire-adaptive species will similarly demonstrate local adaptation

common garden, fire behaviour, fire ecology, fuels, intraspecific trait variation, Pinus rigida,

other traits such as thin bark, retained branches, serotinous cones,
resprouting or heat-triggered germination. Species with traits pro-
moting poor flammability (i.e. ‘non-flammable’) are likely best suited
to relatively fire-naive ecosystems (i.e. avoiders) or by impeding fire
(i.e. impeders sensu Kane et al., 2008). Fitness is enhanced in these
cases through increased survival either by passively avoiding fire
(e.g. some individuals survive fire in unburned refugia) or by actively
reducing fire spread to limit damage (e.g. fire dampening litter). In
these species, we would not expect to see other adaptations to fire.

Numerous studies have examined interspecific plant flammabil-
ity (e.g. Kane et al.,, 2021; Kreye et al., 2018; Saura-Mas et al., 2010;
Scarff & Westoby, 2006; Schwilk & Ackerly, 2001) with substantially
fewer investigations into intraspecific plant flammability. Studies
examining intraspecific variation of plant flammability have pri-
marily focused on ‘hot-flammable’ obligate seeder species (mature
plants that die but reproduce from seeds stored in the canopy or
soil that germinate following fire) or ‘non-flammable’ species (Pausas
et al., 2012; Romero & Ganteaume, 2020; Schwilk, 2003). For in-
stance, Schwilk (2003) artificially enhanced flammability by adding
dead branches in the obligate seeder shrub Ceanothus cuneatus that
resulted in higher post-fire seed germination rates, demonstrating a
clear fitness benefit of higher flammability. Another study, examining
flammability within the shrub Ulex parviflorus, indicated that plants
growing in areas with more frequent fire had enhanced flammability
traits compared to areas with no recent fires (Pausas et al., 2012).
Thus, it is reasonable to expect that hot-flammable species would
have high variation in flammability among populations due to higher
fire intensity (i.e. stronger selective force) and faster turnover rates
(via post-fire mortality of adult plants) that can contribute to greater
incidences of local adaptation. We are unaware of any studies that
have examined intraspecific variation in flammability among pop-
ulations within ‘fast-flammable’ species. Since the primary fitness
advantage of this strategy is survival during fire resulting in longer
turnover rates, we might expect flammability traits in this strategy to
be conserved with low intraspecific variability in flammability among
populations.

Senesced leaves, or ‘litter’, often represent a substantial portion
of the surface fuel layer and is one of the major drivers of fire be-
haviour in many woodland and forest ecosystems. Litter flammabil-
ity varies widely among species reflecting particle and fuelbed trait
differences (Burton et al., 2020; Popovic et al., 2021; Varner, Kane,
Kreye, & Engber, 2015). Physical traits such as long leaves and large
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surface area-to-volume ratios tend to result in more flammable litter
(Engber & Varner, 2012). These traits also influence fuelbed attri-
butes, such as bulk density and packing ratio that contribute to vari-
ation in litter flammability among species (Burton et al., 2020). Litter
that has a high volatile content or high cellulose-to-lignin ratio also
have higher flammability (Ormefio et al., 2009). While these charac-
teristics are known to vary among species, intraspecific variation is
less well-understood.

We chose to examine intraspecific variability in litter flam-
mability of Pinus rigida (pitch pine) due to its wide ecological am-
plitude and well-known genotypic diversity. P. rigida is a mostly
non-serotinous conifer that spans a wide range of climatic con-
ditions in eastern North America extending from Georgia north-
wards to Maine, with outlying populations slightly farther north in
southern Quebec and Ontario. Prior to colonization, much of this
species' range experienced relatively frequent fire (<15-year fire
return interval) with highly variable intensity depending on vege-
tation structure and substrate (Brose & Waldrop, 2006; Guyette
et al., 2012; Stambaugh et al., 2015). Generally, P. rigida is capa-
ble of surviving surface fires because of its thick bark and rapidly
burning litter (Little & Garrett, 1990; Varner, Kane, Banwell, &
Kreye, 2015). This species also has the capacity to sprout basally
or epicormically following fire. Interestingly, two known coastal
populations located in the Pine Plains region of New Jersey and
Long Island, New York are mostly serotinous with >90% of trees
having closed cones (Givnish, 1981; Jordan et al., 2003). The se-
rotiny level of populations generally declines rapidly away from
these coastal populations (Ledig & Fryer, 1972). Past research has
demonstrated high genetic diversity and high variability in growth
rates among trees from a wide range of source populations (Guries
& Ledig, 1982; Leland et al., 2016), indicating the potential for sub-
stantial variation in flammability among populations.

The primary objective of our study was to examine the intraspe-
cific variability and phenotypic plasticity of litter flammability and
associated traits in P. rigida across its distribution. Our hypothesis
was that litter flammability would be highly conserved, or in other
words, that litter flammability and associated traits would be consis-
tent across a broad climatic and topographic gradient and that litter
flammability from different source populations but grown in a com-
mon garden experiment (i.e. provenance study) would also be similar.
If this hypothesis is supported, our results would suggest that litter
flammability in species adapted to low severity and high-frequency
fire regimes may be highly conserved and less prone to variation due

to local adaptation.

2 | MATERIALS AND METHODS

2.1 | Experimental design and litter collection

We based our experiment on an existing P. rigida provenance
(i.e. common garden) study located within the Brendan T. Byrne
State Forest (formerly the Lebanon State Forest; 39.923087 N,

-74.431403 W) in Ocean County, New Jersey, USA (Ledig
et al., 1976). The site has well-drained sandy soils common in the
outer coastal plain of New Jersey. The provenance study was
established in 1971 and planting followed a compact family (i.e.
stands) design with seed sources from 29 different geographic
locations with one to three ‘families’ randomly assigned to each
of the three blocks.

We collected intact litter from 10 source populations (one fam-
ily from each geographic location) that were planted within the
provenance study site (hereafter ‘provenance’). Source popula-
tions ranged from Georgia to Maine, USA (Figure 1), representing
a large climatic and geographic gradient within the distribution of
P. rigida (Table 1). Then, we collected corresponding litter samples
from the in situ locations of each of the 10 source populations
(hereafter ‘population’) that were sampled within the provenance
study. Population samples served as a representation of pheno-
typic variation of litter and flammability traits and provenance
samples represented genotypic variation. Within each population
and provenance, we separately collected 20-30 g of litter (surficial
Oi horizon) lacking visual indications of decay from beneath nine
or 10 trees, with each tree’s litter collection serving as an inde-
pendent sample. Litter from trees within each source population
were haphazardly collected within each site that corresponded
to the seed source used for the provenance study. However, the
exact genotypes of the trees sampled from the source populations
remain unknown. We placed litter from each tree separately into
labelled paper bags, allowed them to air-dry and shipped them to
the HSU Wildland Fire Lab in Arcata, California for burning.

For each source population, we gathered geographic, topo-
graphic and climatic data for subsequent analyses. Geographic and
topographic variables considered included latitude, longitude, eleva-
tion (m), distance to the coast (km) and distance to the provenance
site (km) using a geographic information system and relevant data
layers. Climatic variables considered in our study included annual
precipitation (mm); minimum, mean and maximum temperatures
(°C); Palmer Drought Severity Index (Palmer, 1965); and minimum
and maximum vapour pressure deficit (kPa). We used 30-year (1981
to 2010) climate data from PRISM Climate Group (2020) for each of
the 10 source locations.

2.2 | Fuel traits

Leaf trait measurements were taken from 20 randomly selected
needles of each population and provenance litter collection.
Needle length was measured using electronic calipers to the near-
est millimetre. Fuel moisture content (%; dry weight basis) was
measured by taking ~5 g litter sample from each population and
provenance sample. Each sample was then placed in a drying oven
at 40°C for at least 24 h to estimate the moisture content under
equilibrium conditions in the laboratory at the time of burning.
Fuelbed depth measures are described below in the burning trials
section.
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FIGURE 1 Locations of Pinus rigida (pitch pine) sites where litter collection occurred. Green shading denotes the current distributional
range of pitch pine (Little & Garrett, 1990). The provenance site was located at the Lakehurst (LAHU), New Jersey, USA site. Location
abbreviations are defined in Table 1. Numbered points refer to the original source locations and families (i.e. stands) that were used by Ledig
et al. (1976) to establish the provenance study

TABLE 1 Source and collection locations and their associated climate, geography and topography information for the Pinus rigida (pitch
pine) litter flammability study. The provenance study site was located within Lakehurst, New Jersey. NF, National Forest; NP, National Park

ALBA
AUSA
BRUN
CHAT
CHIL
EAPL
FTME
GWNF
LAHU
TINF

Geographic area

Albany-Schenectady Sand Plains, NY
Champlain Valley, NY

Brunswick, ME

Chattahoochee NF, GA

Great Smokey Mtn NP, TN

Pine Plains, NJ

Fort Meade, MD

George Washington NF, VA
Lakehurst, NJ

Jefferson NF, VA

Provenance

Karner
Ausable
Perimeter Rd
Crumbly Mt
Chilhowee
East Plains
Trainfire Road
Grooms Ridge
Lakehurst

Mt Olivet

Elevation
(m)
99
203
26
724
324
44
46
605
42
663

Dist. to
provenance (km)

314
510
576
1,004
947
27
224
444

641

Precipitation
(mm)
1,015
880
1,229
1,761
1,287
1,145
1,101
1,022
1,158
977

Mean
temp. (°C)
8.8
7
7.6
13.4
14.5
12.3
12.9
10.7
12.2
11.4
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2.3 | Burning trials

We conducted litter flammability experiments for each source
population and provenance separately using well-established
methods (Fonda, 2001). Litter samples were burned at their equi-
librium moisture content (Fosberg et al., 1970) to accentuate any
potential differences in moisture gain or loss among samples.
However, fuel moisture content of samples did not significantly
differ among source location or type, that is population or prov-
enance (p > 0.08). Each 15 g litter fuelbed was evenly distributed
within a 35 cm x 35 cm lattice of xylene-soaked cotton strings on
a stainless steel platform, with most of the litter located within the
interior 20 cm x 20 cm portion. A 2.75 x 2.75 m fume hood above
the platform generated a constant draw of 15 to 20 cm/s, though
no airflow was detected at the fuelbed. Prior to ignition, fuelbed
depth was measured to the nearest millimetre from four locations
(7 cm from each corner of the fuelbed). Strings were ignited from
all sides and a timer was started once litter ignited. Maximum
flame height was visually estimated to the nearest centimetre
using a vertical ruler placed behind the burning platform. Flaming
time was measured as the duration from litter ignition to flam-
ing extinction, and smouldering time was measured as the dura-
tion from flaming extinction to smouldering extinction (no visible
smoke and no glowing combustion observed under darkened con-
ditions). Both flaming time and smouldering time were recorded to
the nearest second. Per cent litter consumption was calculated as
the proportion of the initial litter mass (15 g) that was consumed,
measured following the extinction of smouldering (and removing
unburned string). Burn trials were repeated nine or 10 times for
each population and provenance (n = 191 trials).

2.4 | Phenotypic plasticity

To quantify phenotypic plasticity of fuel and litter flammability
traits for each location, we calculated the relative distance plasticity
index (RDPI). This index represents an ecological and evolutionary
relevant measure of environmentally driven trait variation that is
well-correlated with most other measures of plasticity and is more
amenable to statistical analyses than other measures (Valladares
et al., 2006). RDPI ranges from O (no plasticity) to 1 (maximum plas-
ticity) and was calculated for each location as

di oo
RDPI =% (L> =n,
(X +X;)

where d;;_;; is defined as the absolute difference between trait values
for all possible pairs of populations and provenance samples of a given
source location. Each of these differences were then relativized by di-
viding by the corresponding sum of the two values being compared
( X + Xjj ) representing the maximum possible plasticity between the
two samples. n is the total number of distances calculated per source
location.

2.5 | Data analysis

A series of two-way permutation multivariate analysis of variance
(PERMANOVA) tests, assessed with the Jaccard distance meas-
ure, were conducted in the R environment (R Development Core
Team, 2020) using the adonis function in the vecan package (Oksanen
et al., 2017). Specifically, we separately examined if the multivari-
ate fuel traits (needle length, fuel moisture and fuelbed depth) and
flammability characteristics (maximum flame length, flaming time,
smouldering time and consumption) differed by source type (pop-
ulation or provenance), source location and their interaction. We
subsequently examined univariate differences for each trait using
a two-way analysis of variance (ANOVA) of the same variables used
in the PERMANOVA. Model selection was determined based on the
lowest Akaike information criterion (AIC) value and in cases where
the top models were within 2 AIC, the model with the fewest pa-
rameters was selected (Burnham & Anderson, 1998). Residuals of
the top-selected model were examined for any trends suggesting
violation of normality or equal variance. A post hoc test was used
to compare differences among source type and locations using
the emmeaNns package (Lenth, 2020). We used a Bonferroni correc-
tion factor to detect differences while limiting the chance for Type
| errors due to the number of comparisons. We followed the same
analytical approach to examine differences in RDPI values among
source locations. RDPI values were log-transformed to meet statisti-
cal test assumptions.

We used a principal component analysis to visualize the multi-
variate comparisons in RDPI among source locations using the pr-
comp function in the vecan package. Since smouldering time was not
significantly different among source types in our previous analysis,
we excluded this variable from consideration in our principal compo-
nent analysis. The retention of components was determined using
the parallel analysis in the package paran (Dinno, 2018) and we re-
tained any factor with an eigenvalue greater than the randomly gen-
erated mean eigenvalue (Franklin et al., 1995). Correlation analysis
(i.e. loadings) was conducted to examine the relationship between
principal component axis scores and biogeographic factors of cli-
mate, geography, topography and fuel traits. In addition to consid-
ering observed values of biogeographic factors, we also compared
RDPI values for all fuel traits. We report all biogeographic factors
and fuel traits that had a significant correlation with the flammability
axes scores (o = 0.05).

3 | RESULTS

3.1 | Fueltraits

P. rigida litter traits demonstrated intraspecific variability and differ-
ences across both source types (e.g. population or provenance) and
locations (Figure 2). Based on PERMANOVA, litter traits differed
by source type (F;,,; = 100.3, p = 0.001), location (Fy,,, = 16.5,
p = 0.001) and the interaction of source type and location



KANE ET AL.

Journal of Ecology 1143

FIGURE 2 Pinusrigida (pitch pine)
litter traits by source location for
population and provenance source types.
Locations are arranged from north to
south and the abbreviations are defined
in Table 1. Capitalized letters above the
boxplot denote significant differences
among source locations of population
samples, while lower case letters denote
differences among source locations

of provenance samples. An asterisk
denotes significant differences between
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(F()y171 = 5.7, p = 0.001). Based on ANOVA results, an interactive
model with source type and source location was most explanatory
for needle length (p < 0.00001). Across all locations, population
samples had 18.7% longer needles than the provenance samples.
Differences in needle length between source types were significant
in all locations except ALBA, AUSA and EAPL. An additive model
of fuelbed depth with source type and source location was most
explanatory (p < 0.004). On average, population samples had 7.4%
deeper fuelbeds than provenance samples, but differences were
primarily driven by one site (CHIL) having 15% to 17% cm deeper
fuelbeds than BRUN, GWNF and LAHU. Fuel moisture content did
not differ by source location or source type (p > 0.08).

3.2 | Litter flammability

P. rigida litter flammability differed by source type and location
(Figure 3). Based on PERMANOVA, litter flammability differed by
source type (F1,171 = 4.78, p = 0.008) and the interaction of source

Location

type and location (F9,171 =1.92, p = 0.016), but did not differ by loca-
tion alone (F9,171 = 1.01, p = 0.45). However, when maximum flame
height was examined alone using an ANOVA, only source type was
significant (F| 1g5 = 4.12, p = 0.044). Population samples had slightly
taller flame length estimates (68.8 cm + 0.92 SE) than provenance sam-
ples (66.1 cm + 0.9 SE). Flaming time also only differed by source type
(F1,1s9 = 6.68, p = 0.01), with provenance samples (132 s + 2.36 SE)
flaming longer than population samples (124 s + 2.32 SE). Smouldering
time differences were not associated with source type (F1,189 = 2.69,
p =0.1) or location (Fy 14, = 0.74, p = 0.67). Source type (F, ;;, = 41.98,
p < 0.0001) was informative in explaining variation in consumption,
with slightly greater consumption in population samples (88.3% + 0.18
SE) compared to provenance samples (86.7% + 0.18 SE).

3.3 | Phenotypic plasticity

Phenotypic plasticity, measured as RDPI, in litter flammabil-
ity differed among source locations and was associated with
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FIGURE 3 Pinus rigida (pitch pine) litter flammability by location for both population and provenance sources. Locations are arranged
from north to south and the abbreviations are defined in Table 1. Source type was the only factor found to be significant for maximum flame
length, flaming time and consumption based on the analysis of variance tests

fuel trait, climate and geographic factors (Figure 4). Based on
PERMANOVA, RDPI of litter flammability differed by source lo-
cation (Fc/,y84 = 2.34, p = 0.003). Univariate differences in plas-
ticity among locations from ANOVA were primarily associated
with RDPI of maximum flame length (F9,84 = 2.56, p = 0.0119),
smouldering time (F9,s4 = 5.45, p = 0.000007) and consumption
(F9’84 = 3.62, p = 0.0007). Source locations that had the largest
relative distances in litter flammability between population and
provenance types were associated with warmer (maximum tem-
perature), drier (PDSI) and more interior locations (longitude) that
also had greater relative distances in needle length (Figure 4). Only
the first PCA axis (Flam1) was selected based on parallel analy-
sis, explaining 33.7% of the variation in litter flammability. Flam1
was positively associated with RDPI of maximum flame height
(r = 0.65), smouldering time (r = 0.46) and consumption (r = 0.57).
RDPI of needle length (r = 0.96, p = 0.03), longitude (r = -0.94;
p = 0.002), maximum temperature (r = 0.92; p = 0.002) and PDSI
(r=-0.77, p = 0.02) were associated with Flam1.

4 | DISCUSSION

We present the first study to examine distribution-wide, intraspe-
cific variation in litter traits and litter flammability of a fire-adaptive
tree species. Our hypothesis that intraspecific variation in litter
flammability of P. rigida, a ‘fast-flammable’ species, would be highly
conserved was not supported. Phenotypic plasticity in litter flam-
mability among source locations differed, indicating the potential for
local adaptation. We also detected a clear relationship between the
biogeographic factors examined and phenotypic plasticity in litter
flammability. Populations with warmer, drier and presumably more
frequent fire historically were associated with more flammable litter
and greater plasticity in flammability.

Variability in litter flammability across a wide range of biogeo-
graphic conditions in a fast-flammable species is somewhat sur-
prising given the likely pleiotropic (multiple genes control variation)
nature of litter flammability due to the multiple physical and chem-

ical factors that influence flammability. This coupled with typically
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longer life spans of ‘fast-flammable’ species seemingly would have
limited the heritability of differences in litter flammability. While we
did not examine chemical differences (e.g. terpene content) in the
litter, which is known to influence flammability among pine species
(Ormeiio et al., 2009), we suspect that genotypic and phenotypic
variation in P. rigida litter chemistry may also contribute to local dif-
ferences in flammability. We also acknowledge that the naturally
senesced foliage focused on in this study is most useful for under-
standing how flammability may relate to adaptations in the context
of surface fires where senesced dead pine needles comprise an
important proportion of surface fuel. However, surface fires are a
precursor to crown fires which involve live needles that vary phe-
nologically in terms of chemistry and moisture in ways that could
interact with surface fire conditions to either limit or promote crown
fire as a component of the flammability strategy (Jolly et al., 2016).
Our findings add to the developing knowledge related to trait
variation in plant flammability and the potential evolutionary impli-
cations. The presence of variation in litter flammability in P. rigida
does not resolve whether flammability is an emergent trait based on
other environmental factors (Midgley, 2013). However, our findings
suggest that biogeographic factors contribute to intraspecific varia-
tion and phenotypic plasticity in litter flammability. We did find that
the litter trait of needle length explained plasticity in flammability be-
tween provenance and population samples that are associated with
biogeographic factors (Figure 4). Our findings are in agreement with
prior research examining intraspecific variation of litter flammability
in a ‘hot-flammable’ (Pinus halepensis) and a ‘non-flammable’ (Pinus
sylvestris) pine species, which detected relationships of phenotypic

30 yr Mean PDSI

variation with climatic factors (Romero & Ganteaume, 2020).
However, the magnitude of variation in intraspecific variation and
phenotypic plasticity among different plant flammability strategies
is still unknown and the relative differences may vyield interesting
insights. Thus, we suggest that additional studies that use a similar
common garden experimental approach to examine phenotypic and
genotypic variation across different plant flammability strategies are
needed.

The provenance site used in our study coincidentally occurred
within the centre of the known serotinous populations of P. rigida
(Givnish, 1981). Past research suggests that serotinous pine species
tend to have lower litter flammability than non-serotinous, fast-
flammable pine species (Stevens et al., 2020). It is possible that the
relatively low productivity soils of the provenance site promoted
conditions that resulted in shorter needles and more compact fu-
elbeds across source locations with concomitantly lower flammabil-
ity. It would have been interesting to examine if cooler and wetter
populations that were grown in the warmer and drier portion of the
range (e.g. CHIL, CHAT) would have demonstrated plasticity that re-
sulted in longer needles and higher flammability. However, a prove-
nance site of P. rigida in this portion of range was not available.

Phenotypic variation was greater than genotypic variation in
some fuel traits and flammability measures of P. rigida. We sus-
pect that this difference may in part be due to ontogenetic dif-
ferences between population and provenance types, as has been
found to affect flammability in other pine species (Romero &
Ganteaume, 2020). All trees growing in the provenance site were
the same age (46 years at the time of sampling) while population
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sites were likely older with more varied age structures. However,
we note that phenotypic plasticity was not consistent across lo-
cations and the degree of plasticity varied differentially along
biogeographic factors that likely reflected differences in histori-
cal fire regimes. While the magnitude of difference in litter traits
and flammability was statistically significant, we emphasize that
this difference may not be ecologically meaningful. For example,
maximum flame height observed across population samples had
<2 cm taller flames than provenance samples. It is possible that
this subtle difference may not have strong ecological implications
and other factors such as slope or wind would have a larger influ-
ence on fire behaviour across sites.

The ecological implications of intraspecific variation in P. rigida
flammability are not clear as phenotypic plasticity in traits can be
adaptive, neutral or maladaptive (Ghalambor et al., 2007). Our re-
sults suggest that phenotypic plasticity of litter flammability in
P. rigida is locally derived and that this species may have the capac-
ity to adapt to potential climate change-induced alterations to fire
regimes. Thus, it is possible that fast-flammable species may in part
modify their environment by producing longer needles that form
less compact fuelbeds that can facilitate lower intensity and shorter
duration surface fires.

The topic of intraspecific trait variation in plants has received
increasing attention over the past decade and the understanding
of its importance to ecological and evolutionary processes is de-
veloping (Westerband et al., 2021). Our findings contribute to the
advancement of this topic by demonstrating local or regional vari-
ability in litter flammability of a frequent fire-adaptive species.
Taken together with previous findings (Pausas et al., 2012; Romero
& Ganteaume, 2020), we propose that the degree of intraspecific
variability differs among fire-adaptive strategies in consistent ways

that reflect different selective mechanisms of fire.
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