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Abstract: Research Highlights: Spatial patterns of fire spread and severity influence survival of juvenile
pines in longleaf pine savannas. Small areas that do not burn during frequent fires facilitate formation
of patches of even-aged longleaf pine juveniles. These regeneration patches are especially associated
with inner portions of openings (gaps) and where canopy trees have died in recent decades. Patterns
of prescribed fire can thus have an important influence on stand dynamics of the dominant tree in pine
savannas. Background and Objectives: Savannas are characterized by bottlenecks to tree regeneration.
In pine savannas, longleaf pine is noted for recruitment in discrete clusters located within gaps
away from canopy trees. Various mechanisms promoting this pattern have been hypothesized: light
limitations, soil moisture, soil nutrients, pine needle mulching, competition with canopy tree roots,
and fire severity associated with pine needle litter. We tested the hypothesis that regeneration patches
are associated with areas that remain unburned during some prescribed fires, as mediated by gaps in
the canopy, especially inner portions of gaps, and areas re-opened by death of canopy trees. Materials
and Methods: We mapped areas that were unburned during prescribed fires applied at 1–2 year
intervals from 2005–2018 in an old-growth pine savanna in Georgia, USA. We compared the maps to
locations of longleaf pine juveniles (<1.5 m height) measured in 2018 and canopy cover and canopy
tree deaths using a long-term (40 year) tree census. Results: Logistic regression analysis showed
juveniles to be associated with unburned areas, gaps, inner gaps, and areas where canopy trees died.
Conclusions: Patterns of fire spread and severity limit survival of longleaf pine juveniles to patches
away from canopy trees, especially where canopy trees have died in recent decades. These processes
contribute to a buffering mechanism that maintains the savanna structure and prevents transition to
closed canopy forest or open grassland communities.

Keywords: regeneration niche; tree population dynamics; fire effects; prescribed fire regime;
regeneration bottlenecks

1. Introduction

Worldwide, tree populations in savannas are constrained by bottlenecks to regeneration. Such
limits are typically imposed on the period of the tree life cycle between seed dispersal and growth
to a stage where juveniles can resist fire [1–3]. Mechanisms limiting tree regeneration during this
period include granivory [4,5], competition with perennial grasses that dominate ground-layer
vegetation [6–10], seasonal limitations on moisture and nutrients [11,12], and, most notably, effects of
herbivory and fire [2,3,5,13–19]. Combinations of these mechanisms are hypothesized to constrain
regeneration niches [20] to those allowing infrequent recruitment, primarily in small patches [21].
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Canopy trees in savannas have been shown to influence spatial patterns of tree regeneration.
Canopy cover can be facilitative, reducing drought stress and increasing nutrient availability through
shading, as well as decreasing competition with grasses via litter deposition [22–24]. Alternatively,
canopy trees can limit regeneration by removing soil moisture and nutrients [25]. Certain canopy tree
species produce flammable litter [26–28] and impose particularly strong limits to regeneration beneath
tree canopies [29–32]. This effect may be amplified by the diffuse canopies of savanna tree species,
allowing persistence of flammable grasses beneath the canopy [33,34]. As a result, juvenile trees may
not survive under or in the vicinity of canopy trees.

The role of fire in causing bottlenecks to tree regeneration is particularly important in mesic
savannas. In savannas with relatively high precipitation and fertility, frequent fire is important
for removing dense herbaceous vegetation and litter, preventing duff accumulation and allowing
contact of seeds with mineral soil, as well as temporarily reducing competition with ground-layer
vegetation [2,5,11,23,29,32]. High fire frequency is also necessary to prevent rapid state shifts to
forests dominated by relatively fire-sensitive forest tree species, as has been observed under extended
fire return intervals or fire exclusion [16,35–37]. Nonetheless, frequent fires threaten the survival of
juveniles prior to their achieving a fire-tolerant growth stage [19,32,38]. Thus, conditions allowing
tree regeneration likely include transient extensions of fire return intervals and/or reductions in fire
severity [11,30,39–41].

Savannas of the North American Coastal Plain are well-known for spatial and temporal limits to
regeneration of the dominant canopy tree, longleaf pine (Pinus palustris Mill.). These savannas
have ground-layer vegetation dominated by warm-season grasses that facilitate surface fires
(sensu [42]). These fires are thought to have historically occurred primarily at 1–3 year intervals,
as interpreted from requirements to maintain savanna structure and associated biodiversity [43–45]
and dendrochronological evidence [46–48]. Whereas most tree species in savanna systems worldwide
are capable of surviving fire by resprouting [5,49], longleaf pine seedlings exhibit very restricted
resprouting capability [39], requiring the entire vascular cambium and apical meristem to survive fires.
Once longleaf pine seedlings reach the lifecycle stage known as the grass-stage (in which the plant
resembles a grass tussock), fire tolerance provides a competitive advantage over broadleaf trees and
shrubs, which are typically top-killed or completely killed in this fire-dominated landscape [32,50,51].
During the transition from the grass stage to sapling size, longleaf pines initiate rapid vertical growth,
outgrowing broadleaf woody vegetation periodically top-killed by fire [50,52,53]. However, survival
from seed germination to the relatively fire-tolerant grass stage is typically limited to dense, distinct
clusters only within canopy gaps [29,30,38,54,55]. Although isolated juveniles also can survive at
low densities, it is the regeneration patches that largely shape the savanna structure and dominate
demographic processes over the long term through natural regeneration [29,56]. Frequency of
reproduction is also limited by longleaf pine being a masting species, typically producing abundant
seeds 2–5 time per decade [57–59]. The location of recruitment in gaps is attributable to pine needle
litter being particularly flammable [32,50,60], thus limiting survival of longleaf seedlings and early
juveniles to locations away from trees [30,39,61].

Although there is broad consensus that longleaf pine recruitment is limited to gaps, there is so
far no consensus on why they are further limited to regeneration in small patches within larger gaps.
Some conceptual models have linked longleaf pine seedling establishment and survival to light and
nutrient availability within gaps [24,62–64], especially in locations farthest away from the edges of tree
canopies [54]. Brockway and Outcalt [38] hypothesized that root competition with canopy trees limits
seedlings to an exclusionary zone about 8 m or more from the canopy edge. Grace and Platt [65] also
showed that seedlings widely distributed after mast years preferentially survived and grew at greater
distances from crowns of overstory pines, both pre-fire and post-fire, with the latter attributed to
decreasing fire severity with lower pine needle litter loads. The authors have observed that clusters of
longleaf pine regeneration often occur where a large canopy tree has recently died. This pattern might
be attributed to the thinning of ground-layer vegetation in the relatively high fire severity environment
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beneath large canopy trees [30,32,34,50,66] combined with the reduction in pine needle litter following
the death of such trees. Thus, there are competing hypotheses regarding spatial patterns of longleaf
pine regeneration.

We hypothesize that regeneration patches of longleaf pine in a naturally-functioning mesic
pine savanna are primarily shaped by differential mortality of seedlings and juveniles during fires.
We propose that frequent fires tend to kill seedlings except in areas that remain unburned in one
or a few fires. Thus, whereas the occurrence of fire and fire effects are typical foci of demographic
studies in fire-frequented ecosystems, we focus on unburned areas within the larger matrix of burned
areas as a potential regeneration niche for longleaf pine. These areas are expected to be in gaps, and
more specifically in the inner portion of gaps farther from adult trees, and in locations where canopy
trees have died in recent decades. Using an old-growth stand of longleaf pine studied for >40 years
(1978–2018), we mapped the extent of fires for the 14 most recent years (2005–2018). Then, in 2018,
we mapped the locations of individual longleaf pine juveniles established in recent years. We compared
locations of patches of juveniles with the patterns of tree canopy cover and canopy tree death recorded
in the long-term study to explore patterns of recruitment relative to locations of unburned patches and
mortality of overstory trees.

2. Materials and Methods

2.1. Study Site

We conducted our study on the privately-owned Wade Tract Preserve protected by a conservation
easement on Arcadia Plantation (30◦45′ N; 84◦00′ W; Thomas County, GA, USA; Figure 1A). The site is
located approximately 80 km north of the Gulf of Mexico on moderately dissected terrain 25–50 m
above sea level on Pliocene sediments of the Miccosukee Formation [67,68]. Mean annual precipitation
(recorded at Tall Timbers Research Station, 19 km to the south, 1930–2011) is 1380 mm with mean
monthly temperatures ranging from 27.8 ◦C in July to 10.7 ◦C in January, with minimum daily
temperatures frequently below freezing in December–February. The soils are in the Ultisol order (Typic
and Arenic Kandiudults) characterized by sand or sandy loam A and E horizons and sandy clay loam
Bt subhorizons [69]. The site contains 85 ha of old-growth pine savanna protected by a conservation
easement held by Tall Timbers Land Conservancy and managed during the past century for northern
bobwhite hunting and conservation using frequent (1–2 year interval) prescribed fires. Most trees
are longleaf pine (average basal area 22 m2 ha−1) with occasional broadleaf trees, mostly Quercus
spp. and Carya spp. Much of the ground layer vegetation is dominated by warm season cespitose
grasses (especially Aristida beyrichiana Trinius & Ruprecht, Schizachyrium scoparium (Michaux) Nash,
and Sorghastrum secundum (Elliott) Nash). There also are numerous forbs and broadleaf woody plants
that are typically top-killed and resprout following fire. The plant community is species-rich, with >500
native plant species documented within the Wade Tract easement (Platt et al. unpublished data).

A road divides the easement into two similar-sized burn units (Figure 1A). Each unit has been
burned in 11 prescribed fires during the 14 year period from 2005–2018 (average return interval 1.3 years),
although units are burned at different times. These fires have been applied from February–June,
with mean dates for both units in early-mid April with standard deviations of about one-two weeks.

2.2. Data Collection

A 50 ha mapped plot was established within the old-growth easement in 1978 (Figure 1B). All pines
>1.5 m tall and all broadleaf woody plants≥2 cm dbh were tagged, mapped, and measured for diameter
at breast height (dbh, approximately 1.47 m) in 1978 [29,57]. Trees have been re-censused for growth,
mortality, and recruitment measured every 3–4 years as part of the 40 year study. The most recent
census was in 2017.
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Figure 2. Portion of the longleaf pine juvenile census area (see Figure 1) showing tendency for juveniles
to be located in gaps within patches that were unburned during one or more of 11 fires from 2005–2018
(in contrast to areas unburned in zero fires, i.e., burned in each fire) and within areas re-opened by the
death of canopy pine trees.
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Beginning in 2005, we mapped sizes of areas that contained unburned vegetation within two weeks
after each prescribed fire. We used a global positioning system (GPS) unit (Trimble Inc., Sunnyvale,
CA, USA) with accuracies of approximately 1–5 m (ca. 2 m average). Unburned areas were limited
to those greater than approximately 5 m in width. These maps provided conservative estimates of
unburned areas because smaller unburned areas were somewhat common but not included.

In August and September of 2018, we located and mapped longleaf pine juveniles <1.5 m height
(and therefore not yet included in the long-term census) within the 50 ha study area. Juveniles were
restricted to pines in the grass stage, with secondary needles surrounding a prominent apical bud
still within the ground-layer vegetation, or in initial height growth (<1.5 m tall and not yet tagged).
No information was recorded on the size of juveniles, which can remain in the grass stage from one
year to over a decade [39], and thus size does not necessarily reflect age. The two burn units had been
burned most recently in March (west unit) and May (east unit), 2018.

2.3. Data Analysis

All data from the long-term tree census and prescribed fire mapping were converted to
geodatabases in ArcMap 10.5 (ESRI, Redman, CA, USA) geographic information system (GIS) for
analysis. We used these data to explore the questions posed at the onset of the study.

First, the study area was spatially separated into discrete land-cover categories for analysis.
The entire study area, except for wetlands where pine juveniles rarely occur (1.3 ha out of the 50 ha
study area), was classified as either having been unburned in at least one fire since 2005 or having been
burned in every fire since 2005 (i.e., unburned in zero out of the 11 fires). The study area was also
classified into areas with a tree canopy versus those without a canopy (gaps). We note that gaps in
this community type are not discrete openings in a continuous canopy cover as in forests, but instead
compose the matrix within which patches of trees form a canopy (Figure 2), as described for mature
pine savannas in other studies [54–56]. Within gaps, we delineated areas that were previously under
canopy trees but were re-opened by the death of one or more trees within the past four decades of tree
census record, hereafter called re-opened areas (Figure 2). We also delineated areas called inner gaps
covering a smaller portion of total gaps more distant from canopy trees (not shown in Figure 2) as
described further below.

Maps of unburned areas following fires from 2005 to 2018 were merged into one layer to designate
areas unburned in one or more fires from areas burned in all fires. Although it would be desirable to
know in which years unburned areas contributed to specific instances of longleaf pine recruitment,
the frequent overlap of unburned areas and inability to determine sapling age precluded such
determination. In the merged layer, the polygons representing unburned areas were expanded slightly
using a 2 m buffer to compensate for GPS error during mapping. Given that the expansion may result
in some error of commission, juveniles mapped within these areas were interpreted as being within or
along the edges of an area that was unburned during one or more fires.

Canopy areas were estimated based on the 2017 tree census. We designated canopy trees as
those >10 cm dbh based on the transition from nearly pure apical dominance to lateral expansion of
the canopy around this size and the capacity to produce significant amounts of pine litter fuel in a
measurable area. Canopies included both pine and broadleaf trees, although >95% of trees >10 cm
dbh were P. palustris. Canopy cover was estimated based on stem diameter using a modification of
a previously determined allometric equation relating P. palustris stem diameter to crown area [70].
Given that trees in that study did not exceed 50 cm dbh and some trees on the Wade Tract exceed
90 cm dbh, we changed the original exponential form of the equation to a sigmoid form establishing
a maximum potential crown area of approximately 200 m2 (8 m radius) based on field observations.
The equation applied was r = 11.05/(1 + (d/51.74)−1.766), where r is the estimated radius of the crown
in meters and d is the tree diameter in cm. The equation was used to create circular buffers around
each stem which were merged into one layer indicating canopy vs. gap, although canopy cover in
mature, frequently burned longleaf pine communities is diffuse and complex with actual cover around



Forests 2019, 10, 367 6 of 16

50% [24,29,38,71]. Polygons representing inner gaps were created by buffering the canopy cover area
an additional 8 m. A zone minimally this wide has been identified in other studies as having low
longleaf pine recruitment and negative effects on recruits in comparison to greater distances from the
canopy tree crowns [38,54,57,65,72].

A layer indicating areas re-opened by death of canopy trees was constructed from trees that
were alive in the original 1978 census and were >30 cm dbh prior to death. Crown area of trees was
estimated based on their stem diameter in the census before their death using the allometric equation
for canopy area described above.

Analyses sought to determine the degree to which land cover categories predicted occurrence of
unburned areas, and then to what degree the patches of longleaf pine juveniles were non-randomly
located with regard to unburned areas and other land cover categories.

In the first analysis, we used logistic regression to test for the likelihood that areas unburned
during at least one fire from 2005–2018 (as opposed to burned in each fire) were located within gaps,
inner gaps, or re-opened areas. The study area was parceled into 5 m square grid cells, which was
judged to be the most appropriate scale for characterizing the spatial heterogeneity of cover variables
as well as typical regeneration clusters of longleaf juveniles. Each cell was assigned a binary value for
each of the four cover variables (three independent and one response) according to the cover at the cell
midpoint. We randomly selected 500 of the 5 m grid squares representing areas that were unburned
during one or more fires, using the criterion that grid cells could not be adjacent or diagonal to each
other to minimize spatial autocorrelation [73]. We randomly selected 500 additional 5 m grid squares
(1000 total) outside of areas unburned in one or more fires for comparison. We used Systat 13.2 (Systat
Software Inc., San Jose, CA, USA) to run backward stepwise logistic regression analyses where the
full model consisted of each of the independent variables listed above and their two-way interactions.
The final model retained was that with the highest (least negative) log-likelihood indicating the best
fit model.

To identify potential effects of unburned areas and the other land cover categories on the location
of longleaf juvenile patches, we ran a similar logistic regression analysis using 5 m grid cells. A cell
was considered to represent a part of a longleaf juvenile regeneration patch if it contained one or more
juveniles that were part of patch containing five or more juveniles each of which were within 3 m
of another individual. Typically, such cells represented an entire individual patch, although there
were exceptions where patches were exceptionally large or sinuous. These criteria were chosen to
be somewhat inclusive of juveniles, given that many patches in the field have dozens of individuals
spaced at higher densities. A subset of grid cells representing juvenile patches as described above
was randomly selected for analysis using the same spatial criteria as described for the first analysis
in order to minimize spatial autocorrelation of selected cells. The process resulted in selection of
132 cells representing longleaf juvenile patches. An equal number of cells was randomly chosen from
non-juvenile patch cells within in the study area (excluding wetlands) and assigned the binary value of
juveniles not present (264 cells total). A backward stepwise logistic regression analysis was run as
described above.

Descriptive analyses also were conducted to assist interpretation of results of the logistic regression
analyses. We reported the degree to which each land cover category overlapped with each other
category. We also reported the distribution of individual longleaf pine juveniles among cover types and
their combinations, providing the number, percent of total, and spatial density, as well as percentage
of juveniles that were in patches as opposed to being more widely dispersed. We also compiled the
distribution of longleaf juveniles with regard to the number of times their locations were unburned out
of the 11 total prescribed fires from 2005 to 2018.
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3. Results

3.1. Spatial Pattern of Unburned Areas

Areas that were unburned in one or more out of the 11 fires from 2005–2018 were positively
associated with gaps, inner gaps, and, to a lesser extent, re-opened areas, as indicated by results of
the logistic regression analysis (Table 1). The location of areas unburned in one or more fires was
correctly identified 80.0% of the time by gaps, 90.2% of the time by inner gaps, and 85.2% of the time
by re-opened areas (Appendix A Table A1). The degree of spatial overlap of each of the land cover
categories is presented in Table 2.

Table 1. Results from logistic regression analysis testing the effects of Gap, Inner gap, and Re-opened
area on areas unburned in ≥1 prescribed burn from 2005–2018. Analyses were based on 500 random
points within and outside of unburned areas. S.E. = standard error of the estimate. Additional metrics
for analyses are provided in Appendix A Table A1.

Parameter Estimate S.E. Z Score p Odds Ratio

Constant −0.779 0.121 −6.453 <0.001
Gap 1.132 0.144 7.881 <0.001 3.103

Constant −0.260 0.071 −3.638 <0.001
Inner gap 1.399 0.179 7.812 <0.001 4.049

Constant −0.061 0.070 −0.870 0.384
Re-opened area 0.362 0.168 2.148 0.032 1.436

Table 2. Percentage of surface categories in row titles that overlap with surface categories in column
titles within the study area, excluding wetlands. UB = unburned.

UB ≥ 1 Fire Gap Inner Gap Re-Opened

UB ≥ 1 fire 100 81.6 28.9 17.0
Gap 26.9 100 19.7 17.5

Inner gap 48.1 100 100 22.5
Re-opened 32.2 100 20.1 100

3.2. Longleaf Pine Juveniles

The locations of 2565 longleaf pine juveniles were recorded using GPS within the 49.4 ha census
area that excluded wetlands. Results from the logistic regression analysis showed positive associations
of longleaf pine juveniles with areas unburned in one or more fires, gaps, inner gaps, and re-opened
areas (Table 3). The interaction terms in the model were non-significant and so were not included in
the final model. The overall model had modest accuracy, as indicated by the 63.6% rate of correct
prediction of location of longleaf juvenile clusters, area under the Receiver Operator Characteristic
(ROC) curve of 0.730 out of 1.000, and low pseudo-R2 values (Table 3). Thus, while longleaf juvenile
patches were strongly distributed toward gaps, inner gaps, and re-opened areas, the relatively low
accuracy of the model resulted from much of the area of these land cover categories not harboring
longleaf juvenile patches.

The patterns of overall density of longleaf juveniles among land cover categories reflected the
results of the logistic regression analysis (Table 4), showing apparently independent and additive
effects of gap, inner gap, and re-opened areas on density of juveniles (inner gap and re-opened areas
overlapping with gap by definition). There were progressively higher densities of juveniles in the order
of areas under tree canopies, areas in gaps in general, inner gaps, re-opened areas, and portions of inner
gaps within re-opened areas (IG/RO) (Table 4). This pattern was evident both within areas that were
unburned in one or more fires and areas unburned in zero out of 11 fires (burned in each fire) (Table 4).
More specifically, longleaf juvenile density within areas unburned during one or more fires ranged



Forests 2019, 10, 367 8 of 16

upward from 62.2 juveniles per hectare under tree canopies to 446.7 juveniles per hectare in re-opened
areas within inner gaps, and in areas unburned in zero out 11 fires (burned in each fire) juvenile density
ranged from 11.1 juveniles/hectare under tree canopies to 71.3 juveniles per hectare in re-opened areas
within inner gaps (Table 4). The percentage of juveniles that were a part of regeneration patches as
defined in this study was consistently higher in areas unburned in one or more fires, exceeding 90% in
gap, inner-gap, re-opened, and inner-gap re-opened areas (Table 4).

Table 3. Results from logistic regression analysis with presence or absence of longleaf pine juvenile
patches as the binary response variable and unburned area in ≥1 prescribed burn from 2005–2018,
gap, inner gap, and re-opened areas as the binary independent variables. Analyses are based on 132
locations within and outside of longleaf pine juvenile patches.

Parameter Estimate S.E. Z Score p Odds Ratio

Constant −1.562 0.319 −4.892 <0.001
UB area 0.640 0.292 2.192 0.028 1.897

Gap 1.270 0.332 3.825 <0.001 3.561
Inner gap 0.718 0.357 2.012 0.044 2.051

Re-opened area 0.936 0.329 2.846 0.004 2.550

Overall metrics

Chi-square 46.7, 4 d.f., p <0.0001 Juveniles present % correct 63.6
Cox & Snell R-sq 0.162 Juveniles absent % correct 70.5

Nagelkerke’s R-sq 0.216 Total % correct 67.0
Hosmer-Lemeshow 3.535, p = 0.739, 6 d.f. Log likelihood constant model −182.9

ROC Area Under Curve 0.730 Log likelihood full model −159.6

Table 4. Descriptive statistics for longleaf pine juveniles in relation to selected land cover categories,
including number of fires out of 11 in which areas were unburned (# UB), total hectares covered by
each cover category, and their percent of the total area. Gaps include inner gaps and re-opened areas.
Juveniles within each land cover category are described by their total number, percentage of the total
number, overall density (individuals per hectare), and percentage of juveniles occurring in clusters as
defined in the text. Areas excluded wetlands in which longleaf pine juveniles did not occur.

Cover Category # UB ha % Area Juveniles % Total Density % in Clust.

All 0–11 49.4 100.0 2565 100.0 51.9 80.7
≥1 9.6 19.4 1553 58.7 161.8 92.5
0 39.8 80.6 1012 41.3 25.4 63.1

Canopy ≥1 2.3 4.7 143 5.6 62.2 79.7
0 17.3 35.1 190 7.4 11.0 51.1

Gap ≥1 7.3 14.8 1410 55.0 193.2 90.6
0 22.5 45.4 822 32.0 36.5 69.5

Inner gap (IG) ≥1 2.5 5.1 638 25.7 255.2 92.9
0 3.1 6.4 138 5.4 44.5 71.7

Re-opened (RO) ≥1 2.1 4.1 660 25.7 314.3 93.8
0 5.6 11.3 311 12.1 55.5 82.6

IG/RO ≥1 0.6 1.2 268 10.4 446.7 96.6
0 0.8 1.6 57 2.2 71.3 84.2

Most juveniles were in areas that were unburned during either one or a few of the total 11 fires
from 2005–2018. Of the 58.7% of juveniles in areas unburned during one or more fires, about half were
in areas that were unburned in only one fire, and progressively smaller percentages were in areas that
were unburned in a larger number of fires (Figure 3). Very few juveniles were within areas that were
unburned in more than four fires, even relative to the small total area in that category (Figures 3 and 4).
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4. Discussion

Results of our study support our hypothesis that recruitment of longleaf pine in patches within
gaps is shaped by spatial patterns of fire. In the context of 1–2 year fire return intervals over the past
1.5 decades, most recruitment into the grass stage has occurred in areas that were unburned during
one or more fires, but not in areas that were unburned during most fires. The locations and extent
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of periodically unburned areas and associated longleaf pine juveniles were spatially associated with
gaps (absence of longleaf pine canopy cover), and especially inner gaps, consistent with previous
observations of the distribution of juveniles [29–32,38]. Although many longleaf juveniles were in areas
burned in each fire, juvenile clusters were concentrated in the areas that were unburned in one or more
fires. Thus, the spatial distribution of burned versus unburned areas over the previous 1–2 decades
provides an explanation as to why longleaf pine juveniles that enter tree life cycle stages are typically
in discrete patches of closely-spaced individuals, as often observed in naturally regenerating longleaf
pine savannas [29,30,57].

The positive and statistically independent effect of gaps on location of longleaf juveniles suggests
that tree canopy cover influences seedlings prior to or in between exposure to fire. Abundance and
distribution of longleaf pine seeds during mast years do not appear to be limiting [65,74]. However,
after germination, canopy cover has a negative effect on seedling and juvenile growth rates, variously
attributed to root competition with canopy trees, mulching by pine needles [24,38,57,63–65,75–77],
and possibly light, although light levels are typically characterized by only a slight gradient or no
gradient with distance from gap edge [24,38,62,71]. Unlike growth rates, survival of juveniles prior
to fire appears not to be strongly influenced by canopy cover, or even may be positively influenced
during droughts [24,63,64,75,76] (but see [66]). Evidence for effects of soil moisture and nutrients on
juvenile growth and survival are mixed [24,34,62,64,77]. Although these local environmental conditions
probably have an influence in the absence of fire, it is likely that their greatest influence is through
predisposing juveniles to survive or die during subsequent fires. Past studies have shown that smaller
sized juveniles (measured as root collar diameter, needle production, or height growth) prior to fires
are less likely to survive fire [30,72,76]. Combined effects of these different environmental conditions
on growth and survival of pre-grass stage juveniles are predicted to decrease with increasing distance
from overstory trees, contributing to higher survival during fires away from canopy trees.

The positive association of longleaf juveniles with areas re-opened by death of canopy trees
suggests legacy effects of canopy pines on the vegetation fuel structure and/or changes in fire behavior
following tree death. While the tree is living, bunchgrasses and woody plants tend to be reduced
somewhat by competition with canopy trees [24,77], mulching effects of pine needles [30,77,78],
and damage from increased fire severity associated with deposition of pine needles, bark, branches,
and cones [31,32,34,66,72]. Once the canopy tree has died, reduced ground layer fuels and a decrease in
needle deposition likely reduce fire severity and spread, thereby increasing juvenile survival. Although
survival and growth of longleaf juveniles in re-opened areas could also be ameliorated by decreased
competition with ground-layer plants [57,63,75,77,78], artificial creation of gaps by tree felling has
been shown to decrease longleaf juvenile survival, attributed to release of competing ground-layer
plants [24,76]. It is possible that under the natural conditions of the Wade Tract (where dead trees
are not cut for salvage), deposition of coarse woody debris following death of trees causes localized
high severity combustion [31,79,80] resulting in small areas with reduced densities of ground-layer
plants amenable to longleaf survival. Also, fallen tree trunks and large branches locally block fire
spread and temporarily protect some juveniles from fire [81]. Thus, the effect of re-opened areas on
location of longleaf juveniles appears to be both through the increased probability that the area will be
unburned as mapped in this study and through smaller-scale patterns of fire not related the mapped
unburned areas.

The influences of pine savanna canopy cover on fire spread and severity and associated patterns
of pine regeneration appear to present an example of ecological buffering (sensu [16,25,82]). Effects
of trees on fire spread and intensity may reduce chances of transition from mesic savanna to either
closed-canopy forest or treeless grassland. Specifically, low levels of canopy cover promote unburned
areas and opportunities for tree regeneration, while higher levels of canopy cover promote more
complete burning with increased fire severity and reduced tree recruitment. It is well established that
pine needle litter fuel significantly increases fire intensity, total heat release, and duration of heating
relative to grasses alone [30–32,66].
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Pine savannas of the North American Coastal Plain resemble savanna types worldwide in having
bottlenecks to tree regeneration. Such bottlenecks are widely acknowledged to maintain savanna states
via different combinations of fire and herbivory [3,17]. Nonetheless, the life cycle stages involved and
the evolutionary responses of savanna trees to such bottlenecks varies among savannas dominated by
different tree species. Generally, fire is the primary mechanism limiting recruitment of trees, such that
only when juveniles escape the “fire trap” for some critical time does recruitment occur into tree life
cycle stages [2,19,83]. However, longleaf pine differs from most savanna tree species in that they are
unlikely to resprout after fire, such that new recruits only enter the tree life cycle stages if they avoid
fires severe enough to kill above-ground tissues from germination onward. Although longleaf juveniles
that reach the grass stage are exceptionally fire tolerant [53,72], they are well-known to require periods
without fire, or considerably reduced fire severity, to survive their first few years [29,30,39,53,61,84,85].
In contrast to many other savannas, where savanna tree leaf litter has a neutral or negative effect on fire
severity relative to that of surrounding grass-dominated fuel types (e.g., [42,86]), tree-stage longleaf
pines have a positive effect on fire severity, greatly reducing the area suitable for regeneration. Our
analysis indicates that fire regimes characterized by limited areas with no fire or low fire severity,
mediated by spatial patterns of canopy cover and canopy tree death, widen the bottleneck, resulting in
longleaf pine regeneration that occurs periodically and typically in small patches.

Our results have implications for fire management in longleaf pine ecosystems. Where natural
longleaf pine regeneration is desired, applying prescribed fire in a manner that provides unburned
areas during the first few years following a mast year is beneficial. Alternatively, fire could be excluded
from the whole unit for such a period. However, heavy fuel accumulation, especially under canopy
trees where successful regeneration is not needed nor expected to be successful, would likely result in
undesirable levels of fire severity after the fire-free interval, and such wide-spread fire exclusion is
counterproductive to most wildlife management goals [87]. Thus, frequent burning (1–2 year intervals)
with patchy burns following mast years are recommended. Patchy burning also precludes the need for
protecting longleaf regeneration patches using disking or other methods resulting in soil disturbance,
which degrades native ground-layer plant communities [88]. The capacity for unburned patches to
promote longleaf pine regeneration and thereafter increase fuel loads and fire severity should also
reduce concerns about increased woody plant cover in temporarily unburned areas. Results of this
study provide a concrete example of the application of "pyrodiversity" (sensu [89]) and patch mosaic
burning [90] for accomplishing conservation and forest management goals, in light of criticism of their
application in the absence of demonstrated efficacy [91].

5. Conclusions

Spatial patterns of fire spread and severely influence locations where juvenile longleaf pine
become established as patches of grass-stage recruits. Specifically, regeneration patches tend to occur
in small areas that remain unburned during one or a few fires, presumably reflecting mortality of
most longleaf pine seedlings in burned areas following mast years. Both temporarily unburned areas
and associated longleaf pine regeneration patches tend to be associated with gaps, particularly the
inner portion further from the edges of tree crowns, and in areas where canopy trees have died in
recent decades. These patterns are primarily attributable to variation in pine needle fuel loads and the
associated likelihood of burning and having relatively high fire severity. Thus, spatial heterogeneity in
the structure of pine populations and resulting fire effects have an important influence on longleaf pine
population dynamics as well as the maintenance of the savanna state.
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Appendix A

Table A1. Overall results from logistic regression analysis presented in Table 3 testing the effects of
Gap, Inner Gap, and Re-opened areas on areas unburned (UB) in ≥1 of 11 prescribed fires vs. unburned
in 0 of 11 fires (burned in every fire) from 2005–2018 in separate analyses. Analyses are based 500
random points located in each of the burn categories.

Gap

Chi-square 65.75, 1 d.f., p < 0.001 UB in ≥1 fire % correct 80.0
Cox & Snell R-sq 0.064 UB in 0 fires % correct 43.7
Nagelkerke’s R-sq 0.085 Total % correct 61.9
ROC AUC 0.618 Log likelihood constant model −692.5

Log likelihood full model −659.6

Inner Gap

Chi-square 69.6, 1 d.f., p < 0.001 UB in ≥1 fire % correct 90.2
Cox & Snell R-sq 0.067 UB in 0 fires % correct 30.6
Nagelkerke’s R-sq 0.090 Total % correct 60.4
ROC AUC 0.604 Log likelihood constant model −692.5

Log likelihood full model −657.7

Re-Opened Area

Chi-square 4.66.7, 1 d.f., p = 0.031 UB in ≥1 fire % correct 85.2
Cox & Snell R-sq 0.005 UB in 0 fires % correct 20.0
Nagelkerke’s R-sq 0.006 Total % correct 52.6
ROC AUC 0.526 Log likelihood constant model −692.5

Log likelihood full model −690.1
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