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ABSTRACT

Understanding of historical fire sea-
sonality should facilitate development
of concepts regarding fire as an eco-
logical and evolutionary process. In
tree-ring based fire-history studies, the
seasonality of fire scars can be classi-
fied based on the position of the fire
scar within or between growth rings.
Cambial phenology studies are need-
ed to precisely relate a fire-scar posi-
tion to months within a year because
the timing of dormancy, earlywood
production, and latewood production
varies by species and location. We
examined cambial phenology patterns
of longleaf pine (Pinus palustris
Mill.), slash pine (P. elliottii Engelm.),
and South Florida slash pine (P. densa
[Little & K.W. Dorman] Silba) at sites
in southern Georgia and south-central
and northern Florida, USA. We de-
veloped long-term (2.5 yr to 12 yr)
datasets of monthly growth and dor-

RESUMEN

El entendimiento de la estacionalidad histérica
de los incendios deberia facilitar el desarrollo
de conceptos relacionados con el fuego como
un proceso ecologico y evolutivo. En los estu-
dios de historia de incendios basados en ani-
llos de crecimiento, la estacionalidad de las ci-
catrices de fuego puede ser clasificada basada
en la posicion de la cicatriz dentro o entre ani-
llos de crecimiento. Los estudios fenoldgicos
del cambium son necesarios para relacionar de
manera precisa la posicion de una cicatriz con
los meses dentro de un afio, dado que el perio-
do de dormicidn, y la produccion de lefio tem-
prano y tardio varia por especies y ubicacion
geografica. Examinamos en este trabajo los
patrones fenoldgicos del cambium del pino de
hoja larga (Pinus palustris Mill.), del pino
ellioti (P, elliottii Engelm.), y del pino ellioti
variedad densa (o South Florida slash pine; P,
densa [Little & K.W. Dorman] Silba) en sitios
en el sur de Georgia y centro-sur y norte de
Florida, EEUU. Desarrollamos bases de datos
de crecimiento y dormicion mensuales a largo
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mancy and determined when trees
transitioned from producing -early-
wood to producing latewood each
year. Most trees were dormant for a
period of 1 to 2 months in the winter
and transitioned from earlywood to
latewood in June. Given the annual
growth ring morphology of the pines
that we studied and the timing of the
lightning-fire season in our study area,
we propose a new classification sys-
tem for assigning seasonality to fire
scars found in the three native upland
pine species that we studied. This new
system, which we name the Coastal
Plain Pine System, accounts for the
large proportion of latewood typical of
these pines and includes a position
(the transition position) that corre-
sponds with the time of year when
lightning fires occur most frequently.
Our findings demonstrate how cambi-
al phenology data can improve inter-
pretation of fire-scar data for deter-
mining historical fire seasonality.
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plazo (de 2.5 anos a 12 afios) y determinamos
cuando los arboles producian en cada afo la
transicion entre lefio temprano y tardio. La
mayoria de los arboles permanecieron en dor-
micion por un periodo de 1 a 2 meses durante
el invierno, y produjeron la transicion desde
lefio temprano a tardio en junio. Dada la mor-
fologia del crecimiento anual de los anillos de
los pinos estudiados y el periodo de tormentas
eléctricas con rayos que provocan incendios en
nuestra area de estudio, proponemos un nuevo
sistema de clasificacion para asignar la esta-
cionalidad a las cicatrices de los tres pinos de
altura estudiados. Este nuevo sistema, que lla-
mamos sistema de pinos costeros de llanura,
da cuenta de la mayor proporcion del lefio tar-
dio tipico de esos pinos e incluye una posicion
(llamada de transicion) que se corresponde con
el periodo del afio cuando los incendios por ra-
yos ocurren con mayor frecuencia. Nuestros
resultados demuestran como los datos de la fe-
nologia del cambium pueden mejorar la inter-
pretacion de los datos de cicatrices de fuego
para determinar la estacionalidad historica de
los incendios.
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INTRODUCTION

In many pyrogenic forests, woodlands, and
savannas worldwide, uncertainty surrounds
the seasonality of past fire regimes. In some
areas and time periods, lightning ignitions may
have concentrated fires in months character-
ized by high cloud-to-ground lightning activity
and flammable fuel conditions, while in other
times and locations, anthropogenic fires both
within and outside of the lightning—fire season
may have been more common. Understanding
of historical fire seasonality should facilitate

development of concepts regarding fire as an
evolutionary and ecological process (Pausas
and Schwilk 2012, Pausas et al. 2017). Such
understanding also should help to interpret the
roles of anthropogenic and lightning fire, top-
ics of intense interest and debate in North
America and globally (Slocum et al. 2007,
Bowman et al. 2009, Whitlock et al. 2010,
Bowman et al. 2011, Platt et al. 2015, Benali
et al. 2017). Further, understanding of histori-
cal fire seasonality can provide important con-
text for ecologically relevant land manage-
ment decisions and, when practical, can guide
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ecological fire management on modern land-
scapes (Hayward et al. 2012, Ryan et al. 2013,
Fill et al. 2015, Platt et al. 2015).

Fire scars in annual growth rings of trees
can provide direct evidence of historical fire
seasonality, especially in ecosystems charac-
terized by a frequent, low-severity fire regime.
The season of fire scars is classified based on
the location of the fire scar within an annual
ring. In conifers growing in temperate and
subtropical climates, a year of annual growth
includes: 1) a period of earlywood formation
during which tracheid cells have relatively
large lumen areas and thin cell walls; 2) a sub-
sequent period of latewood formation during
which tracheid cells have smaller lumen and
are thicker walled; and 3) a dormant period
when tracheid cells are not produced (Fritts
1976). In the most commonly used system for
classifying seasonality among dendrochronol-
ogists, each fire scar is assigned to one of five
possible positions, specifically three in the ear-
lywood zone, one in the latewood zone, and
one between annual rings (i.e., the dormant pe-
riod). This system (hereafter, the classic sea-
sonality system) was developed from studies
of conifers of the western United States, espe-
cially ponderosa pine (Pinus ponderosa Law-
son & C. Lawson; Ahlstrand 1980, Dieterich
and Swetnam 1984, Baisan and Swetnam
1990, Caprio and Swetnam 1995, Grissi-
no-Mayer ef al. 2004) and has been used wide-
ly in other temperate ecosystems (e.g., Ste-
phens et al. 2003, Fulé et al. 2007, Sakulich
and Taylor 2007).

To precisely relate a fire-scar location to a
certain time of year, information is needed on
the timing of dormancy, earlywood, and late-
wood production for trees in a given study
area. This timing differs with species, photo-
period, and climate (Fritts 1976, Vaganov et
al. 2006). Fire-scar positions within annual
rings from different regions may equate to no-
tably different times of year. For example, an
early study of longleaf pine in Florida indicat-
ed a dormant period of approximately 2
months (Langdon 1963), but the dormant peri-
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od may exceed half a year or more in length
for conifers growing at higher latitudes and el-
evations (Daubenmire 1950, Fritts 1976).
More studies that examine cambial phenology
(e.g., Harley ef al. 2012) or compare fire-scar
position to known fire-injury dates (e.g., Ste-
phens et al. 2018) should improve the useful-
ness of fire-scar data for assessing historical
fire seasonality.

The typical morphology of annual growth
rings of different species can vary, and these
differences should be considered when classi-
fying the seasonality of fire scars. For exam-
ple, common pines of the North American
Coastal Plain including longleaf pine (Pinus
palustris Mill.), slash pine (P. elliottii En-
gelm.), South Florida slash pine (P. densa [Lit-
tle & K.W. Dorman] Silba), shortleaf pine (£,
echinata Mill.), and loblolly pine (P, taeda L.)
(nomenclature from Weakley 2015), are char-
acterized by annual growth rings that are mor-
phologically distinct from other conifers.
South Florida slash pine has been treated as a
variety of slash pine, but recent phylogenetic
studies failed to show a relationship with P. el-
liottii (Weakley 2015). These species of pine
often produce a high proportion of latewood
relative to earlywood each year, resulting in
high-density wood. This is especially true of
longleaf pine and slash pine, which have high-
er specific gravities than any other pine spe-
cies in the USA (Miles and Smith 2009). In
contrast, the species used to develop the clas-
sic seasonality system (Ahlstrand 1980, Di-
eterich and Swetnam 1984, Baisan and Swet-
nam 1990, Caprio and Swetnam 1995, Grissi-
no-Mayer et al. 2004), including ponderosa
pine, generally produce a lower proportion of
latewood each year (Figure 1; Schweingruber
1993). Given these dissimilarities along with
considerations about the timing of lightning
fires, some fire-history studies in the North
American Coastal Plain have relied on alterna-
tive systems for classifying fire scar seasonali-
ty (e.g., Huffman et al. 2004, Huffman 2006,
White and Harley 2016).
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Figure 1. Tree-ring photographs of four species
of pine (Pinus): A) ponderosa pine (P. ponderosa),
B) longleaf pine (P. palustris), C) slash pine (P. el-
liottii), and D) South Florida slash pine (P. densa).
Although ring characteristics vary within a given
species and individual tree, the proportion of late-
wood in longleaf, slash, and South Florida slash
pine is typically higher than in ponderosa pine and
many other species found in the western USA.
Sample collector and location: A) M. Rother, Zuni
Mountains, New Mexico; B) Jean Huffman, St.
Joseph Bay State Buffer Preserve, Florida; C) Jean
Huffman, Little St. George Island, Florida; and D)
G. Harley, No Name Key, Lower Florida Keys,
Florida.

In our study, we focused on improving the
interpretation of fire seasonality from fire-scar
data. We conducted a multi-year study of
cambial phenology patterns of live trees for
three pine species in pine savannas of Florida
and southern Georgia, within the North Ameri-
can Coastal Plain. Our specific research ob-
jectives were to: 1) determine the seasonal
timing of dormancy, earlywood production,
earlywood—latewood transition, and latewood
production within annual rings; 2) determine
how different cambial phenology phases relate
to fire climate (i.e., cloud-to-ground lightning
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activity and climatic conditions conducive to
fire spread) and records of lightning fires; and
3) present a system for classifying fire scar
seasonality that considers both the timing of
the lightning-fire season and the morphology
of the annual rings of the pine species that we
studied. Previously, limited understanding of
cambial growth patterns in the most common
pine species in the North American Coastal
Plain made it difficult to precisely assess his-
torical fire seasonality (but see: Paul and Marts
1931, Langdon 1963, Harley ef al. 2012). Our
study aimed to enable more informed interpre-
tations of the seasonal timing of fires using
fire-scar positions within annual growth rings.

METHODS
Study Areas

We conducted our study in Florida and
southern Georgia within the North American
Coastal Plain, USA. Fire-frequented pine sa-
vannas and woodlands (sensu Platt 1999, Fill
et al. 2015) were, historically, the most wide-
spread upland habitat in this region. Pine trees
formed incomplete, often relatively open can-
opies above a graminoid dominated ground
layer of vegetation (Platt 1999). The ground
layer vegetation was species rich (Orzell and
Bridges 2006, Platt et al. 2006) and consisted
of a diverse array of often endemic perennial
warm-season grasses, forbs, and shrubs (Noss
et al. 2015). Historically, these savannas
burned frequently during fires ignited by light-
ning during the fire season (sensu Platt et al.
2015). Additionally, Native Americans and
early European settlers ignited and manipulat-
ed fires, as occurred in many parts of North
America (Pyne 1982, Stambaugh et al. 2018).
The relative contribution of human and light-
ning ignitions across space and time in the re-
gion remains unclear. Over the past circa 200
years, widespread loss of pine savannas has
occurred due to anthropogenic activities in-
cluding extensive fragmentation of landscapes,
as well as conversion to agricultural land, pine
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plantations, improved pasture, fire-excluded
forest, and urban development. These pine sa-
vannas are now restricted to <4 % of their orig-
inal distribution (Noss et al. 2015).

Our study involved monitoring cambial
growth patterns of three pine species: longleaf
pine, slash pine, and South Florida slash pine.
These pines are the dominant canopy trees in
the pyrogenic savannas and woodlands of the
North American Coastal Plain. Historically,
longleaf pine, a tree whose needles become
flammable once cast (Fonda 2001, Platt et al.
2016), was the dominant or co-dominant tree
on about 85 % of the uplands of the region (ap-
proximately 51 million hectares, Frost 2006).
Longleaf pine ranged from Virginia south to
Florida and west to eastern Texas (Weakley
2015). South Florida slash pine is often the
dominant tree in southern Florida, and can oc-
cur intermixed with longleaf pine in south-cen-
tral peninsular Florida. Slash pine typically
occurred in wetter sites within the longleaf
pine matrix and occurred from eastern South
Carolina to northern peninsular Florida and
west to eastern Louisiana (Weakley 2015);
however, it has been widely planted outside
this range.

We used three study areas: Avon Park Air
Force Range in south-central Florida (hereaf-
ter, Avon Park, at 27°39'09"N, 81°21'03"W);
the St. Joseph Bay State Buffer Preserve in the
panhandle of western Florida (hereafter, Buf-
fer Preserve, at 29°42'4"N, 85°17'40"W); and
a private property in southwestern Georgia
known as the Wade Tract (hereafter, Wade
Tract, at 30°45'49"N, 83°59'53"W) (Figure 2).
At Avon Park, we sampled six sites along a
gradient of moisture availability, including two
dry sites (sandhills and scrubby flatwoods),
two mesic sites (cutthroat flatwoods), and two
hydric sites (wet flatwoods). At Buffer Pre-
serve, we stratified sampling based on two lev-
els of moisture availability: a dry site (scrubby
flatwoods) and a mesic site (mesic flatwoods).
Finally, at Wade Tract, we sampled one site in
an upland pine savanna woodland, the domi-
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nant community type at that study area. Ter-
minology for and description of community
types are from the Florida Natural Areas In-
ventory (2010). We sampled approximately
equal numbers of longleaf pine and South
Florida slash pine at Avon Park, approximately
equal numbers of longleaf and slash pine at
Buffer Preserve, and only longleaf pine at
Wade Tract. Because patterns of tree-ring
growth may be influenced by tree size, we
sampled pines across a range of tree sizes,
based on diameter at breast height (DBH):
Avon Park, 6 cm to 45 cm; Buffer Preserve, 5
cm to 41 cm; and Wade Tract, 10 cm to 87 cm.

Punch Core Data: Determining
Earlywood-Latewood Transition

To determine the timing of when pine trees
in our study areas transition from production
of earlywood to latewood, we collected
short-increment cores (hereafter, punch cores,
typically 1 cm to 2 cm in length) from all three
study areas, using an increment hammer. At
Avon Park sites, we collected punch cores
each growing season from 2006 to 2008 from
72 trees (longleaf pine and South Florida slash
pine), divided relatively evenly among dry,
mesic, and hydric sites. At Buffer Preserve,
we collected punch cores from 30 to 58 trees
(longleaf pine and slash pine), depending on
year, in 2006, 2012, and 2017, divided rela-
tively evenly among dry and mesic sites. Fi-
nally, at Wade Tract, we collected punch cores
from 12 longleaf pines, in the growing season
of 2017. At all three study areas, sampling oc-
curred every 2 to 4 weeks beginning in late
spring until most or all of the sampled trees
were producing latewood. We collected 1 to 2
punch cores from each tree, at approximately
one meter aboveground. We mounted punch
cores on wooden core mounts and sanded
them with progressively fine sandpaper to im-
prove the visibility of the tree rings (Stokes
and Smiley 1968, Speer 2010).
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Figure 2. Map showing the three study areas in the southeastern US: Wade Tract (WT) in southern Geor-
gia; St. Joseph Bay State Buffer Preserve (BP) in the panhandle of Florida; and Avon Park Air Force
Range (AP) in south-central Florida. The dark green area shows the floristic province of the North Ameri-
can Coastal Plain and is adapted from Thorne (1993), Sorrie and Weakley (2001), and Noss et al. (2015).
USA states on the map are abbreviated as following: FL = Florida, GA = Georgia, AL = Alabama, MS =
Mississippi, LA = Louisiana, AR = Arkansas, MO = Missouri, IL = Illinois, TN = Tennessee, KY = Ken-
tucky, WV = West Virginia, VA = Virginia, NC = North Carolina, SC = South Carolina.

We analyzed punch cores to determine the
timing of transition from earlywood to late-
wood. We examined each punch core under a
high-magnification microscope (at 10x to 40%
magnification) to determine whether the most
recently produced tracheid cells were early-
wood (i.e., larger, thinner walled cells) or late-
wood (smaller, thicker walled cells). Overly
suppressed growth or poor sample quality oc-
curred in <5% of collected punch cores; these
samples were not used. For each year at each
study area, we determined which trees transi-
tioned between each collection period. Trees
were considered to have transitioned during a

given time window (between date x and date
) if the punch cores showed earlywood at date
x and then latewood at date y. Occasionally,
replicate cores from the same tree and same
sample date did not match in terms of most re-
cent production of earlywood versus latewood,
which is consistent with expected variability
in growth patterns around a tree bole (Fritts
1976, Speer 2010). In these cases, we used the
earliest date of latewood production as the end
date of the transition period. After determin-
ing when individual trees transitioned between
earlywood and latewood, we calculated the
percentage of all trees that transitioned be-
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tween sample dates for each year at each study
area. If >75% of trees transitioned between
two subsequent sample dates, then we defined
the transition period as the month in which the
midpoint between the two sampling dates fell.
If <75% of trees transitioned between two sub-
sequent sample dates (which was the case in
two of the seven combinations of study area
and year), then three subsequent sampling
dates were used and the transition period was
defined as the month containing the midpoint
between the earliest and latest dates.

Dendrometer Band Data:
Determining Timing of Growth and Dormancy

We monitored tree stem growth patterns
for pine trees at Avon Park and Buffer Pre-
serve. We used dendrometer bands, which are
metal bands placed around tree trunks that ex-
pand as the tree grows. As with the punch
core data, we collected dendrometer data
across varying community types and tree siz-
es. We installed dendrometer bands on 216
trees (longleaf pine, South Florida slash pine)
at Avon Park, and on 60 trees (longleaf pine,
slash pine) at Buffer Preserve. Prior to install-
ing the bands, a rasp was used to remove loose
bark. We took measurements of circumfer-
ence to the nearest 0.1 mm approximately ev-
ery month for 12 years at Buffer Preserve (Sep
2004 to Jun 2016) and for 2.5 years at Avon
Park (Jan 2006 to Jul 2008). Sample sizes de-
creased slightly over time (three trees died at
Buffer Preserve and nine at Avon Park, mostly
from lightning strikes). Additionally, relative-
ly intense prescribed fires occasionally de-
stroyed dendrometer band springs, disrupting
measurements for particular trees for one or
more months until replacement bands were in-
stalled. The use and precision of dendrometer
bands for monitoring tree stem growth has
been reviewed elsewhere (Auchmoody 1976,
Clark et al. 2000, Keeland and Young 2014).
We did not monitor or account for diel varia-
tions in tree circumference (shrink—swell cy-
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cles related to water status), but these fluctua-
tions are typically small and are not problem-
atic for most studies of tree growth patterns
(Herrmann et al. 2016). Our interest was in
understanding what time of year corresponds
with the boundary between annual growth
rings and, for this purpose, our monthly data
and our definition of dormancy was sufficient.

We used the dendrometer band measure-
ments to estimate monthly growth of all sam-
pled pine trees at each study area for the full
sample period. We did not take measurements
on the exact same day of each month, so the
total amount of growth that occurred between
two consecutive sample dates for each tree
(e.g.,4 Jun 2010 and 3 Jul 2010) was split pro-
portionately between the months (e.g., Jun and
Jul). In each month of the year, there were at
least a few trees that exhibited growth, so we
defined dormant months as months in which
most trees exhibited little or no growth (medi-
an growth <0.2 mm).

We examined whether nondormant pine
trees during dormant months differed from all
trees in the dataset in terms of tree size or spe-
cies. We used chi-square goodness of fit tests
to determine whether the distribution of non-
dormant trees among tree species and size cat-
egories was significantly different from that of
all trees. The species categories were longleaf
pine and South Florida slash pine at Avon Park
and longleaf pine and slash pine at Buffer Pre-
serve. The tree size classes were small (<20
cm DBH), medium (>20 cm DBH to 30 cm
DBH), and large (>30 cm DBH).

Proportion of Growth in Each
Cambial Phenology Phase

We calculated the average proportion of
wood produced in each month at each study
area and then associated months with cambial
phenology phases (i.e., dormancy, earlywood
production, earlywood—latewood transition,
and latewood). First, we calculated the pro-
portion of growth during dormant months (de-
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fined as months of median growth <0.2 mm).
Next, we calculated the proportion of growth
during the transition month (defined above).
We then calculated the proportion of early-
wood produced for months between dormancy
and transition. The proportion of latewood
produced was calculated for months between
the transition month and the following dor-
mant period.

Climate, Lightning, and Lightning-Fire Data

We examined climate, lightning, and light-
ning-fire data to determine which cambial phe-
nology phase or phases corresponded with the
lightning-fire season. We downloaded daily
cloud-to-ground lightning flash (or strike) data
from the National Lightning Detection Net-
work for the period 1986 to 2013 for our coun-
ties of interest (Gulf County, Florida; High-
lands County, Florida; and Thomas County,
Georgia) and then calculated a daily mean
number of flashes per month for each county.
The Florida Forest Service provided light-
ning-fire data for a similar time period (1981
to 2016) and included the date and county for
all lightning fires in Florida except those on
federal and tribal lands. We used these data to
calculate the total number of lightning fires
and the total area burned per month during the
entire period of record for each county of in-
terest. We assessed monthly temperature and
precipitation patterns using divisional data
from the National Climatic Data Center
(NCDC 2017). We graphed the monthly tem-
perature, precipitation, cloud-to-ground light-
ning flashes, and lightning-fire occurrence to-
gether along with the typical timing of the var-
ious cambial phenology phases (i.e., dorman-
cy, earlywood production, transition, latewood
production) for each study area. Finally, we
compared monthly temperature and precipita-
tion data for the study period against the long-
term climate record to determine whether sam-
pled years were typical of long-term climate
patterns.
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RESULTS

Punch Core Data:
Determining Earlywood—-Latewood Transition

Punch core data indicated that the early-
wood-latewood transition for most pine trees
occurred between late May and late June, re-
gardless of study area, year, tree size, tree spe-
cies, or habitat type (Figure 3). At each study
area and in each year, the midpoint date for the
transition period occurred in June. In three
years at two study areas (Buffer Preserve in
2012, 2017; Wade Tract in 2017), a small per-
centage of trees (8 % to 13 %) transitioned be-
fore or after the sampling period.

Dendrometer Band Data: Determining Timing
of Radial Growth and Dormancy

Dendrometer band data from both Avon
Park and Buffer Preserve revealed similar pat-
terns of dormancy and growth in the pine trees
that we sampled. The general pattern was a
dormant period (i.e., median growth <0.2 mm)
in January at Avon Park, and in both January
and February at Buffer Preserve (Figure 4). At
both study areas, December through February
were characterized by low median growth and
some trees were dormant for this full three-
month period. At both study areas, March and
April were months of rapid growth for most
trees, followed by slower but continual growth
through the summer and fall. Our large multi-
year dataset did include some negative mea-
surements, as indicated by values below zero
(Figure 4). These resulted from either minor
contraction in tree circumference due to
weather (shrink—swell cycles) or limitations in
the precision and accuracy of readings from
dendrometer bands (Auchmoody 1976, Clark
et al. 2000, Keeland and Young 2014, Herr-
mann et al. 2016). Some prescribed fires also
resulted in needle scorch and suppressed
growth of some trees during the study period.
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Figure 3. The percentage of trees that transitioned
from earlywood production to latewood produc-
tion between punch core sampling dates at: A)
Avon Park, B) Buffer Preserve, and C) Wade Tract.
Black arrows indicate the percentage of trees that
transitioned sometime before or after the sampling
period, if applicable.

Although most pine trees conformed to
similar patterns of monthly tree growth and
dormancy, we observed some differences be-
tween tree species and among tree size classes
in the proportion of trees that continued to
grow during the typical dormant period (Fig-
ure 5). With regard to tree species at Avon

Rother et al.. Cambial Phenolgy Informs Tree-Ring Analysis
Page 172

Park, the observed proportion of longleaf pine
compared to South Florida slash pine among
trees that were not dormant in January (the
dormant month) was different than expected
(x> = 9.6, P = 0.002); a higher proportion than
expected of longleaf pine were not dormant.
At Buffer Preserve, a higher proportion than
expected of trees that were not dormant were
slash pine rather than longleaf pine in both
January (3> = 4.0, P = 0.045) and February (y?
=20.8, P <0.001). In terms of tree size, the
ratio of small, medium, and large trees ob-
served was not different than expected at Avon
Park for January (y* = 3.9, P = 0.145). Differ-
ences in size classes were significant at Buffer
Preserve for both January (3> = 85.9, P <
0.001) and February (y*> = 129.7, P < 0.001),
where small trees were more likely to grow
during dormant months than expected.

Cambial Phenology Phases

The proportion of growth that occurred in
each month and in each cambial phenology
phase (i.e., dormant, earlywood, transition,
and latewood) calculated from the dendrome-
ter band data was similar for Avon Park and
Buffer Preserve (Figure 6). With regard to
earlywood and latewood production, we ob-
served relatively even ratios of earlywood to
latewood each year. Earlywood production
was more rapid and occurred over a period of
three to four months (Feb to May at Avon Park
and Mar to May at Buffer Preserve). Late-
wood production occurred over a period of six
months at both study areas (Jul to Dec), with
growth slowing in the later months of this pe-
riod. The transition between earlywood and
latewood production in the pine species that
we monitored is typically abrupt (Gaby 1985).
Thus, the June transition month likely includ-
ed earlywood and latewood production on ei-
ther side of the transition for individual trees.
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Figure 4. Monthly growth of pines at: A) Avon Park and B) Buffer Preserve, from dendrometer band
data. At Avon Park, data are from 216 pines monitored over 2.5 years (Jan 2006 to Jul 2008). At Buffer
Preserve, data are from 60 pines monitored over 12 years (Sep 2004 to Jun 2016). The thick black line in-
side the box indicates the median; the lines at the outer edges of the box indicate the upper and lower quar-
tiles; and the lines at the end of the vertical dashed lines indicate the maximum and minimum values, ex-
cluding outliers, which are represented by dots. The red line indicates monthly growth of 0 mm.

The Lightning-Fire Season

Each cambial phenology phase that we
identified corresponded with differing envi-
ronmental conditions that relate to the ignition
and spread of fire (Figure 7). The earlywood—
latewood transition in June corresponded with
frequent lightning fires, as did the surrounding
months. At all three study areas, most fires
(70% to 75%) occurred in May to July.
Monthly patterns for total number of fires re-
sembled monthly patterns for total area
burned, statewide and for the counties of inter-

est, except for Jefferson County, where rela-
tively few fires occurred (Supplementary Fig-
ure 1). High average cloud-to-ground light-
ning flashes also occurred during and around
the earlywood-latewood transition. In con-
trast, the dormant period (Jan or Jan to Feb,
depending on study area) was characterized by
virtually no lightning fires; only a few light-
ning fires (two to four per study area) occurred
in those months for the entire period of record
(1981 to 2016). The mean daily number of
cloud-to-ground lightning flashes was also
much lower during dormant months than in
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Figure 5. The proportion of trees of differing spe-
cies and diameter size classes for all trees com-
pared to only those trees that were not dormant in
months identified as dormant. At Avon Park (A),
only January was identified as a dormant month
(median < 0.2 mm of growth) while at Buffer Pre-
serve (B), January and February were identified as
dormant months (median < 0.2 mm of growth).

the months surrounding the transition from
earlywood to latewood (January and February
ranged 2 to 6 flashes per day; May to July
ranged 15 to 218 flashes per day). In terms of
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climate patterns, the time of year when light-
ning fires are most abundant occurred after a
period of dryness (as indicated by relatively
low amounts of precipitation in the two to five
months preceding the earlywood—latewood
transition).

Sample Period Weather Compared to
Long-Term Climate

Our assessment of weather in the sample
period (2006 to 2008 at Avon Park, 2004 to
2016 at Buffer Preserve, and 2017 at Wade
Tract) revealed that weather in most months
was typical of long-term patterns (1895 to
2016) in terms of monthly mean temperature
and total monthly precipitation, with some ex-
ceptions (Supplementary Figures 2 and 3).
Monthly mean temperatures were often warm-
er than the long-term average, sometimes ex-
ceeding one standard deviation from the mean.
Although these much warmer temperatures oc-
curred throughout the year, they were most
common in summer months. With regard to
precipitation, some months were exceptionally
wet or dry, sometimes exceeding two standard
deviations from the mean.

A) Avon Park

Jan
Feb
Mar
Apr
May

B) Buffer Preserve

Jan
Feb
Apr
May

Mar

[JDormant

[CEarlywood [ETransition period [ELatewood

Figure 6. Mean proportion of total annual stem growth produced each month and corresponding cambial
phenology phase (dormant, earlywood, earlywood—latewood transition, or latewood) at A) Avon Park and

B) Buffer Preserve.
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Figure 7. Patterns of climate, lightning fire, and lighting strikes for: A) Avon Park, B) Buffer Preserve,
and C) Wade Tract. In the top panel for each study area, temperature and precipitation are plotted using
Divisional Data from the National Climatic Data Center (NCDC 2017). Monthly mean temperature is
shown as a black curve and monthly mean total precipitation is shown as gray bars. In the bottom panel
for each study area, the red curve indicates total lightning fires per month (#) documented by the Florida
Forest Service for the county that contains each research study area for the period of record (1981 to
2016). Wade Tract is in Georgia (GA) approximately 16 kilometers north of the state border with Florida
(FL), and in that case data from the nearest Florida county were used (Jefferson County). The yellow
dashed curves indicate mean daily cloud-to-ground lightning flashes (or strikes) by month for the county
that contains each research study area for the period of record (1986 to 2013). Note that precipitation in
the top panel and lightning strikes in the bottom panel are plotted on a secondary y-axis.

DISCUSSION

We incorporate our findings regarding the
cambial phenology of three pines found in the
North American Coastal Plain and its relation-
ship to lightning-fire patterns to present a mod-
ified system for classifying the seasonality of
fire scars. Our new system, which we refer to
as the Coastal Plain Pine System (Figure §B),
was developed using longleaf pine, slash pine,
and South Florida slash pine. It is presented
alongside the classic seasonality system (Fig-
ure 8A), developed from studies using conifers
in the western USA (especially ponderosa
pine). The Coastal Plain Pine System includes

six fire-scar positions: 1) Dormant (D), for the
position between the previous year’s latewood
and current year’s earlywood; 2) Early Early-
wood (EE), for the first half of earlywood; 3)
Late Earlywood (LE), for the second half of
earlywood; 4) Transition (T), for the area
where trees change from producing earlywood
to latewood; 5) Early Latewood (EL), for the
first half of latewood; and 6) Late Latewood
(LL), for the second half of latewood. Note
that the Transition position consists of a few
rows of cells because it is understood that this
boundary is not always abrupt and that fire
scars are often difficult to associate with a sin-
gle row of cells. This system builds on earlier
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Figure 8. Classification systems for assigning seasonality to fire scars based on intra-annual ring position,
including: A) the classic seasonality system, developed in the western USA (adapted from Caprio and
Swetnam 1995); and B) our modified system, customized for longleaf pine (Pinus palustris), slash pine (P
elliottii), and South Florida slash pine (P. densa). In each panel, annual tree growth is from bottom to top.
The growth ring used in our modified system is from a shallow micro-core of South Florida slash pine

sampled in Harley et al. (2012).

efforts to adjust seasonal classification of fire
scars to local needs (Huffman et al. 2004,
Huffman 2006, White and Harley 2016) and
will improve the accuracy and usefulness of
fire-scar data for understanding historical fire
regimes in pine savannas of the North Ameri-
can Coastal Plain. This work is timely given
that few tree-ring based fire-history studies
have been conducted in pine savannas of this
region (but see: Huffman et al. 2004, Hender-
son 2006, Huffman 2006, Stambaugh et al.
2011, Harley et al. 2013, White and Harley
2016) and that more studies are anticipated
following developments in field methodolo-
gies (Huffman and Rother 2017).

The Coastal Plain Pine System differs sub-
stantially from the classic seasonality system.

As seen in Figure 8, the Coastal Plain Pine
System divides earlywood and latewood into
two positions each, while the classic seasonali-
ty system divides earlywood into three posi-
tions and includes only one latewood position.
This division of the ring in the Coastal Plain
Pine System takes into account that the three
pine species studied tend to have relatively
high proportions of latewood in annual growth
rings (Wahlenberg 1946, Miles and Smith
2009). In our study, almost half of total
growth each year consisted of latewood. Late-
wood production also extended over a large
portion of the year (approximately six
months). In contrast, ponderosa pine is char-
acterized by a much lower proportion of late-
wood formed over a shorter period of time
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(Fritts 1976, Schweingruber 1993). We ac-
knowledge that ratios of earlywood to late-
wood vary even within individual trees, but
these general patterns are notable. Another
difference between the Coastal Plain Pine Sys-
tem and the classic seasonality system is that
we have added a position at the transition be-
tween earlywood and latewood. Many pines
found in the North American Coastal Plain, in-
cluding longleaf and slash, are known to
abruptly transition between earlywood and
latewood (Gaby 1985), making the identifica-
tion of scars at this location easier than for
species that gradually transition. Previous
studies in the North American Coastal Plain
(e.g., Huffman et al. 2004, Huffman 2006,
White and Harley 2016) have identified fre-
quent scars at or near the earlywood-latewood
transition, and our study demonstrates that, at
least in Florida and southern Georgia, this po-
sition is important for understanding historical
fire. We expect our system to be useful for fu-
ture fire-history studies involving longleaf
pine, slash pine, South Florida slash pine, and
other tree species with a high proportion of
latewood and an abrupt transition between ear-
lywood and latewood.

We used our cambial phenology data to as-
sociate the six fire-scar positions with specific
times of year. The monthly timing we present
(Table 1) is based on data from longleaf, slash,
and South Florida slash pines in Florida and
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southern Georgia, and is likely to be most ac-
curate for studies within that region using
those species. We expect that patterns may be
similar for longleaf and slash pines found in
other states within the North American Coastal
Plain at similar latitudes (southern Alabama to
southern Texas), although additional data
should be obtained and used to adjust the tim-
ing. Because photoperiod and climate are
known to influence cambial dormancy and
earlywood—latewood transition (Fritts 1976,
Vaganov et al. 2006), we expect that cambial
phenology patterns for longleaf and slash
pines growing at higher latitudes or elevations
(e.g., slash pine in South Carolina, montane
longleaf) will differ from those found in Flori-
da and southern Georgia.

Although most pine trees followed the
same pattern of dormancy and growth across
our study areas throughout the period of study,
we observed some variability in cambial phe-
nology patterns. For this reason and others, it
is important to note that the months we present
(Table 1) are approximate. We found that at
least some of the variability in cambial phe-
nology patterns may be related to tree species
or tree size. Additional variability may have
resulted from sources of tree stress including
needle scorch following prescribed fires, other
injuries, and competition with neighboring
trees, which we did not assess quantitatively.
We also acknowledge that warmer tempera-

Table 1. Typical months corresponding with each of the fire-scar positions in the modified seasonality
system for Avon Park, Buffer Preserve, and Wade Tract. Most cells are empty for the Wade Tract study
area because no dendrometer band data were collected at that location.

Approximate timing

Fire-scar position Avon Park, Florida Buffer Preserve, Florida Wade Tract, Georgia
Dormant Jan Jan and Feb

Early earlywood Feb to mid Apr Mar to mid Apr

Late earlywood Mid Apr to May Mid Apr to May

Transition Jun Jun Jun

Early latewood Jul to Sep Jul to Sep

Late latewood Oct to Dec Oct to Dec
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tures during our study period compared to the
long-term record create some uncertainty in
using modern patterns to make inferences
about the past. However, the close correspon-
dence with our study findings to previous re-
search in terms of when trees were dormant
(Langdon 1963 Harley et al. 2012) and the
consistency in growth and dormancy patterns
across years of variable climate within our
own dataset suggest that warmer temperatures
in recent years are not yet resulting in signifi-
cantly different cambial phenology patterns.
Despite some variability and uncertainty, our
results are striking in that they document simi-
lar cambial phenology patterns for three spe-
cies of pine of varying size, sampled across
more than three degrees of latitude. Analysis
of fire-scar data should aim to identify general
patterns of seasonality based on fire scars in
many trees (e.g. Baisan and Swetnam 1990);
for this objective, slight variability in cambial
phenology patterns among trees or study years
is not problematic.

Our findings should enable researchers
who are working with fire-scar data to address
key questions related to fire seasonality. A ma-
jor contribution of our study is that it provides
information needed to determine which histor-
ical fires in Florida and southern Georgia were
associated with the lightning-fire season. The
lightning-fire season and how it differs from
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anthropogenic fire seasons has been previously
studied at Avon Park (Slocum et al. 2010, Slo-
cum and Orzell 2013) and in the Florida Ever-
glades (Slocum et al. 2007). These studies
and others indicate that lightning fires are most
likely to ignite and spread across the landscape
at the ends of seasonally dry periods, when
fine fuels typically contain little moisture and
soil moisture or water levels are low in wet-
lands connecting uplands (Beckage et al
2003, Platt et al. 2015). In the present study,
lightning fires at our three study areas were
found to occur in a similar narrow window of
time associated with environmental conditions
suitable to lightning-fire ignition and spread.
This narrow window (the lightning-fire sea-
son) corresponds with three positions in the
new Coastal Plain Pine System: Late Early-
wood, Transition, and Early Latewood posi-
tions. Fire-scar records that document exten-
sive fire activity outside the lightning-fire sea-
son are likely to indicate anthropogenic fires.
Thus, seasonality of fires, as indicated by fire-
scar position, should shed light on the relative
contributions of lightning and anthropogenic
fires to past fire regimes. Knowledge of the
seasonality of past fire regimes may help fire
managers understand fire regimes that led to
the current landscapes that they manage and
place current management decisions in a his-
torical context.
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Supplementary Figure 1. Total lightning fires per month (n) compared to total area burned (ha) per
month for the entire state of Florida (A) and for the counties of interest (B through D). Data are from the
Florida Forest Service for the entire period of record (1981 to 2016). Please note that total area burned is
plotted on a secondary y-axis.
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Supplementary Figure 2. Mean monthly temperature for the full dataset (1895 to 2016) compared to the
years of data collection at: A) Avon Park, B) Buffer Preserve, and C) Wade Tract. The gray bands repre-
sent one standard deviation above and below the mean.
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Supplementary Figure 3. Mean monthly total precipitation for the full dataset (1895 to 2016) compared
to the years of data collection at A) Avon Park, B) Buffer Preserve, and C) Wade Tract. The gray bands
represent one standard deviation above and below the mean. Please note that y-axes differ in total precipi-

tation (mm).



