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Abstract

In frequently burned ecosystems, many plants persist by repeated resprouting from basal or belowground buds. This
strategy requires that plants reach a balance between biomass loss and recovery, which depends on the shape of the
relationship between pre- and post-fire size. Previous analyses of this relationship, however, have focused on the size of the
largest stem, which ignores the importance of the multi-stem growth habit that is common in pyrogenic ecosystems. We
hypothesized that the presence of multiple stems causes a substantial shift in the relationship between pre- and post-fire
size and in the relationship between pre-fire size and size recovery. We measured the height and basal diameter, then
calculated volume and biomass, of all stems of six tree species before and nine months after complete removal of
aboveground biomass via coppicing. The number of resprouts was correlated with the original number of stems for four
species. For all species, the relationship between pre-coppicing and resprout size fit a positive curvilinear function, and the
shape of this curve did not differ for maximum and total stem size. Smaller individuals recovered a larger proportion of their
pre-coppicing size than larger individuals, but the shape of the size recovery curves were the same regardless of whether
the analysis was performed with all stems or only the largest stem. Our results indicate that measuring only the largest stem
of multi-stemmed individuals is sufficient to assess the ability of individuals to recover after complete loss of aboveground
biomass and persist under frequent burning.
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large plants often recover their pre-fire size more slowly than small
plants [18,21]. This “recovery curve” is a negative curvilinear
relationship between pre-fire size and the ratio of post- to pre-fire

Introduction

Resprouting provides resilience to fire and allows plants to

persist in pyrogenic ecosystems. When aboveground stems are
killed by fire (i.e., topkilled), species that are able to resprout
generate new biomass from plant parts that survive fire [1,2] such
as basal buds, lignotubers, rhizomes, or the root collar [3,4].
Resprouting ability and resprout biomass [5—7] are influenced by
the size of the belowground bud bank [8], the pool of belowground
resources (e.g., carbohydrates and nutrients [9-14]), and pre-fire
plant size [15,16].

In frequently burned ecosystems, resprouting species are
subjected to repeated cycles of topkill and resprouting [17], so
persistence depends on the ability of plants to recover their pre-fire
size to maintain a balance between biomass loss and recovery
[13,18]. Resprout height and diameter are positively correlated
with pre-fire stem height and diameter [16,19,20], with the
relationship between pre- and post-fire size fitting a curvilinear
scaling function [18]. This “resprout curve” illustrates the balance
between biomass loss and recovery and determines the equilibrium
size (i.e., where pre-fire and post-fire size are equal) upon which
plants will converge over multiple fire cycles ([18]; Figure 1A).
Although resprout size is correlated with pre-fire size [16,19,20],
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size (Figure 1B).

Studies on the relationship between pre- and post-fire size and
the size dependency of post-fire recovery, however, often focus
only on the largest pre-fire stem and largest resprout [16,18,19]
even though many resprouting species are multi-stemmed before
and/or after fire (e.g., [22-24]). In fact, the number of resprouts is
correlated with the number of stems pre-fire [20,25,26]. Allocation
of biomass to multiple stems, rather than one stem, may be
beneficial due to limitations on maximum stem height and growth
rates [27-29] and the improvement in competitive success
conferred by a large crown volume [30]. If the curvilinear nature
of resprout and recovery curves is a consequence of limitations on
maximum stem growth rates [28,31], then this limitation could be
overcome by producing multiple stems.

Accounting for all stems of multi-stemmed resprouting species,
therefore, may cause an upward shift in resprout (Figure 1A) and
recovery (Figure 1B) curves. An upward shift in the resprout curve
would indicate that individual plants are able to maintain a greater
biomass (i.e., a greater equilibrium plant size) with frequent
burning. Consequently, larger individuals would be able to recover
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Figure 1. Hypothesized shifts in resprout and recovery curves resulting from inclusion of all stems. (A) Differences in resprout curves
that could arise from inclusion of all stems of multi-stemmed trees. Stars indicate the equilibrium size that develops over multiple fire cycles that
corresponds to the point at which biomass loss is equal to biomass recovery (i.e., intersects with the 1:1 line; following [18]). (B) Recovery curves that
correspond with resprout curves. (C) lllustration of the transformation of resprout curves to a logarithmic scale. (D) Illlustration of the transformation
of recovery curves to a logarithmic scale. We assessed shifts in resprout and recovery curves by testing for differences in the slopes and y-intercepts
of the logyo-transformed relationships between maximum and total size and size recovery.

doi:10.1371/journal.pone.0105600.g001

their pre-fire size. In this case, production of multiple stems could
increase the ability of plants to escape a suppressed state of
repeated topkill and resprouting [17,32,33] during a longer fire
free interval. Alternatively, accounting for all stems could lead to a
change from a curvilinear to linear relationship between pre- and
post-fire size and size recovery, indicating that curvilinearity is not
a fundamental property of resprouting. Regardless, understanding
the impact of multiple stems on resprout and recovery curves is
mmportant because the ability of individual plants to recover
biomass lost during fire allows for persistence with repeated
burning [13].

We assessed resprouting success and the size dependency of
volume and biomass recovery after complete loss of aboveground
biomass. Specifically, we coppiced aboveground stems — as has
been done in other studies to simulate fire-induced topkill
[6,14,34,35] — of six tree species that occur in the pyrogenic
longleaf pine savannas and adjacent stream-head pocosins of the
southeastern United States [36,37]. To test the hypothesis that
accounting for all stems of multi-stemmed resprouting species
causes a shift in resprout and recovery curves, we measured all
stems pre-coppicing and all resprouts. We assessed possible shifts
in resprout and recovery curves by testing for differences in the
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slopes and y-intercepts of the log-transformed relationships
between pre-coppicing and resprout size (1.e., volume and biomass)
of the largest stem (maximum size) and all stems (total size;
Figures 1C and 1D).

Materials and Methods

Ethics Statement

We obtained approval for data collection from the Endangered
Species Branch at Fort Bragg Military Installation. Data was
collected on publicly owned land. No protected species were used
in this study.

Study site and species

We conducted our study at Fort Bragg, which is located in the
Sandhills region of North Carolina (35° 07'N, 79° 10'W).
Longleaf pine (Pinus palustris Mill.) savanna (e.g., upland pine/
scrub oak sandhill sensu [36]) is the most widespread vegetation
type on the installation. Pine needles and wiregrass (Aristida stricta
Michx.) accumulate quickly and facilitate frequent fire; the
average historical fire return interval is approximately 2 years
[38]. For the lowland stream-head pocosins (i.e., wetlands)
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Table 1. General characteristics of individuals included in the study.

# Individuals # Individuals ## of Stems Pre- Maximum Stem Maximum Basal
Species® Coppiced® Resprouted Coppicing # of Resprouts  Height (cm)© Diameter (mm)©
Quercus laevis 29 26 1-6 0-8 60-330 6.99-61.18
Diospyros virginiana 26 26 1-2 1-5 58-285 7.74-40.01
Liquidambar styraciflua 32 31 1-5 0-17 12-399 2.38-41.20
Liriodendron tulipifera 29 27 1-8 0-37 37-610 5.12-56.92
Persea palustris 31 31 1-4 1-7 53-289 5.46-34.33
Acer rubrum 30 28 1-6 0-9 38-382 4.27-30.13

*Species are listed in order of their position along the savanna-to-pocosin gradient.
Does not include individuals burned in the June 2013 wildfire.

For stems pre-coppicing.

doi:10.1371/journal.pone.0105600.t001

embedded within the savanna matrix [37], higher moisture wettest season [37]. Fort Bragg is divided into discrete landscape
content and differences in species composition contribute to a units locally referred to as burn blocks, within which prescribed
longer fire return interval of 7-50 years [39]. Soil moisture fire is applied approximately every 3 years [41]. Prescribed fires at
increases along the gradient from upland savanna to lowland Fort Bragg are conducted during the dormant season (December—
pocosin, and soils are classified as entisols, inceptosols, or ultisols March) and the growing season (April-July) [42]. Lightning

[40]. Mean annual precipitation is 1275 mm, and summer is the
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Figure 2. Ratio of resprout stem number to pre-coppicing stem number. In the boxplots, the solid and dotted bars represent the median
and mean, respectively; the lower and upper bars represent the 25" and 75™ percentiles, respectively. The lower and upper “whiskers” show the
largest and smallest values that are not outliers and the lower and upper dots show the 5% and 95™ percentiles. Kruskal-Wallis X?=20.03, P=0.001;
different letters indicate significant differences among species. The dashed line indicates where the number of resprouts equals the number of stems
pre-coppicing.

doi:10.1371/journal.pone.0105600.g002
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Figure 3. Curvilinear relationships between total pre-coppicing stem volume and total resprout stem volume.
doi:10.1371/journal.pone.0105600.g003

ignited fires in the southeastern US typically occur during the
spring and summer (April-September) [43,44].

We selected six focal species that differ in their distribution
along the savanna-to-pocosin gradient: Quercus laevis Walter
(turkey oak), Diospyros virginiana L. (persimmon), Liquidambar
styraciflua L. (sweetgum), Liriodendron tulipifera L. (tulip poplar),
Persea palustris (Raf.) Sarg. (swamp bay), and Acer rubrum L. (red
maple; Table 1; nomenclature follows The PLANTS Database
(US Department of Agriculture, Natural Resources Conservation

PLOS ONE | www.plosone.org

Service; http://plants.usda.gov/java/). Quercus laevis is a savan-
na species, and D. virginiana occurs in the savanna and the
ecotone between savanna and pocosin. Liquidambar styraciflua is
most common in the ecotone, and L. tulipifera, P. palustris, and
A. rubrum are restricted to the pocosin and ecotone. All study
species typically resprout from basal or belowground buds after
topkill via fire or other damage.
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Figure 4. Curvilinear relationships between total pre-coppicing stem biomass and total resprout biomass.

doi:10.1371/journal.pone.0105600.9004
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denoted with filled symbols and dashed lines. Maximum stem volume is denoted with open symbols and solid lines. ** P<<0.01, *** P<<0.001 for
regressions. P values for differences in slopes and intercepts between maximum and total volume are given.

doi:10.1371/journal.pone.0105600.g005

Field measurements and calculations

In October 2012, we selected 30-32 individuals of each species
that spanned a range of maximum stem heights and diameters
(Table 1); even the largest individuals were considered saplings.
Individuals were found throughout their distribution along the
savanna-to-pocosin gradient in multiple burn blocks (n=6) that
were burned 34 years previously. We measured the height and
basal diameter (within 2 cm of ground level) of all stems of each
individual and then, to simulate topkill, coppiced all stems at
~2 cm above ground level. Stems were coppiced in October, at
the beginning of the dormant season and after the typical wildfire
season [43,44]. Coppicing is commonly used as a surrogate for
disturbance-induced topkill (e.g., [34,35]), and resprouting success
is similar between burned and coppiced individuals [6,15,45]. A
wildfire in June 2013 burned a small section of one of our study
sites, which reduced our sample size of all species except L.
styraciflua (Table 1). In July 2013, 9 months after coppicing and
near the end of the growing season, we measured the height and
basal diameter of all resprouts of each individual.

PLOS ONE | www.plosone.org

For individuals that resprouted, we calculated the conical
volume of each stem from measurements of stem height and
diameter. We determined the maximum stem volume (i.e., volume
of the largest stem) and total stem volume (i.e., the sum of volumes
of all stems) of each individual pre-coppicing and after resprouting.
For three species — Q. laevis, D. virginiana, and L. styraciflua — we
used allometric equations from Robertson and Ostertag [46] to
calculate maximum and total stem biomass of each individual pre-
coppicing and after resprouting. Except for large pre-coppiced Q.
laevis and small L. styraciflua resprouts, the majority of our stems
were within the range of diameters used to develop the allometric
equations [46].

Statistical analyses

For each species, we analyzed the relationship between pre-
coppicing stem number and the number of resprouts using
Kendall’s tau. To analyze differences among species in resprouting
success (1.e., production of resprouts), we calculated the ratio of
resprouts to pre-coppicing stems for all individuals and used a
Kruskal-Wallis test, with post-hoc pair-wise significance tests
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Figure 6. Relationships between pre-coppicing stem biomass and resprout stem biomass on a logarithmic scale. Total stem biomass is
denoted with filled symbols and dashed lines. Maximum stem biomass is denoted with open symbols and solid lines. ** P<0.01, *** P<<0.001 for
regressions. P values for differences in slopes and intercepts between maximum and total biomass are given.

doi:10.1371/journal.pone.0105600.g006

adjusted for multiple comparisons. To determine if there was a
significant curvilinear relationship between total resprout size and
total pre-coppicing size, we used the curve estimation function in
SPSS version 19.0 (IBM Corporation, Armonk, NY, USA).
Specifically, we fit power functions to the relationships between
total pre-coppicing stem volume and total resprout stem volume
(for all species) and total pre-coppicing stem biomass and total
resprout biomass (for Q. laevis, D. virginiana, and L. styraciflua).
We used a regression model with log;, resprout size (i.e., volume
or biomass) as the dependent variable and logo pre-coppicing size
(i.e., volume or biomass), data type (i.e., maximum or total size,
coded as 1 and 0, respectively), and an interaction term (log;, pre-
coppicing size * data type) as independent variables entered into
the model to determine if there was a significant difference
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(1) pre-coppicing and resprout maximum and total stem size
(Figure 1C) and (2) pre-coppicing size and recovery of maximum
and total stem size (Figure 1D) for each species.

Results

For all species, at least 90% of individuals resprouted after
coppicing (Table 1). The number of resprouts was positively
correlated with the number of coppiced stems for Q. laevis
(t=0.339, P=0.025), L. styraciflua (t=0.296, P=0.042), P.
palustris (1=0.296, P=0.058), and A. rubrum (t=0.491,
P =0.001). The number of resprouts of D. virginiana (1=0.251,
P=0.239) and L. tulipifera (1=0.224, P=0.139) was not
correlated with the number of coppiced stems. The number of
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Figure 7. Relationships between pre-coppicing stem volume and the ratio of resprout volume to pre-coppicing volume. Data is
shown on a logarithmic scale. Total stem volume is denoted with filled symbols and dashed lines. Maximum stem volume is denoted with open
symbols and solid lines. * P<0.05, ** P<0.01, *** P<<0.001 for regressions; NS indicates not significant. P values for differences in slopes and intercepts

between maximum and total volume are given.
doi:10.1371/journal.pone.0105600.g007
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Figure 8. Relationships between pre-coppicing stem biomass and the ratio of resprout biomass to pre-coppicing biomass. Data is
shown on a logarithmic scale. Total stem biomass is denoted with filled symbols and dashed lines. Maximum stem biomass is denoted with open
symbols and solid lines. ** P<0.01, *** P<<0.001 for regressions. P values for differences in slopes and intercepts between maximum and total biomass

are given.
doi:10.1371/journal.pone.0105600.g008

resprouts of all species tended to be equal to or greater than the
number of coppiced stems (Figure 2); 73% of individuals that
resprouted had more resprouts than coppiced stems.

There was a positive curvilinear relationship between total
resprout and pre-coppicing stem volume (Figure 3) and biomass
(Figure 4) for all species studied. There was no difference between
the slopes or intercepts of the relationships between pre-coppicing
and resprout maximum and total volume (Figure 5) and pre-
coppicing and resprout maximum and total biomass (Figure 6). In
other words, for all species, resprout curves were similar for
maximum and total size.

Recovery of volume and biomass was negatively correlated with
pre-coppicing volume and biomass, regardless of whether all stems
were included in the analysis. For all species, there was no
difference between the slopes or intercepts of the relationships
between recovery of maximum and total volume (Figure 7) and
recovery of maximum and total biomass (Figure 8). Most
individuals recovered less than 55% of their maximum stem
volume.

Discussion

The ability of plants to resprout after topkill contributes to their
persistence in pyrogenic ecosystems. Across species in our study,
95% of individuals resprouted after complete removal of
aboveground biomass (Table 1). Resprout number has been
found to be positively correlated with the number of stems present
before fire [20]; this was the case for four of our six study species.
Individuals with more stems pre-fire may have larger storage
organs, which translate to larger pools of carbohydrates and buds
to support resprouting [7,47,48]. For the two species in our study
for which resprout number was not positively correlated with pre-
coppicing stem number, D. virginiana and L. tulipifera,
individuals with only one stem pre-coppicing produced 1 to 5
and 1 to 14 resprouts, respectively. Factors such as bud activation
and proximity of buds to the soil surface [49], as well as pre-fire
stem size [15,16], may have affected resprout number.

We found that total resprout size was positively correlated with
pre-coppicing total size and fit a curvilinear function (Figures 3
and 4). Although maximum resprout size may be limited by
growth rates [28,31], the ability to increase mechanical strength to
support height growth [50], or physiological changes that alter
allocation of photosynthates [51], we found no difference in the
resprout curves for maximum and total size (Figures 5 and 6;
determined by analyzing log)o-transformed data). Accounting for
all stems did not cause a significant shift in the resprout curves, and
thus, production of multiple stems does not change the size at
which individuals persist in frequently burned ecosystems. One
explanation for the lack of upward shift in resprout curves could be
related to the concomitant increase in resprout and pre-coppicing
volume and/or biomass — individuals in our study had up to eight
stems pre-coppicing — such that inclusion of all stems of multi-
stemmed individuals affected the location of an individual on the
curve rather than the shape of the curve. In addition, intraspecific
variation in pre- and post-fire sizes could be related to resource
availability because plants in high-resource environments are
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larger after fire than plants of the same initial size in low-resource
environments [18].

Similar to Grady and Hoffmann [18], when we accounted for
only the largest stem, larger individuals recovered a smaller
fraction of their pre-coppicing size than smaller individuals.
Clontrary to our hypothesis, there was no difference in the shape of
the recovery curves of maximum and total size (Figures 7 and 8;
determined by analyzing log)o-transformed data). Accounting for
all stems, rather than only the largest stem, does not affect which
individuals, in terms of pre-coppicing size, are able to recover all
biomass lost during fire. Although 73% of the resprouting
individuals in our study experienced an increase in stem number
after complete removal of aboveground biomass (Figure 2), our
results suggest that the potential benefits of producing multiple
stems do not extend to post-disturbance biomass recovery.

The shape of resprout and recovery curves may be influenced
by resprout age. Historically, the fire return interval in longleaf
pine savannas ranged from 0.5 to 12 years [38], and savannas at
our study site are currently burned every 3 years, on average, with
stream-head pocosins generally burning less frequently [39]. The
number of resprouts per clump is higher in more recently burned
sites than longer unburned sites [52,53], suggesting that self-
thinning of resprouts can occur over time such that total size may
converge on maximum size as the number of stems decreases.
Furthermore, large individuals recovered a lower proportion of
their size regardless of whether resprouts were 9 months (Figures 7
and 8) or 3 years old [18].

The shape of resprout and recovery curves may also be
influenced by fire season. In the southeastern US, plants burned
during the dormant season have greater post-fire stem densities
[4,54] and aboveground biomass [55] than plants burned during
the growing season. Differences in resprout number should have
little or no effect on the persistence equilibrium since there is no
difference between resprout and recovery curves of maximum and
total stem size (Figures 5-8). Greater biomass [55] and a larger
increase in growth rates [56] after dormant season fires suggests
that resprout curves of plants burned during the dormant season
could be shifted upward from plants burned during the growing
season. Nonetheless, any effects of fire season on resprout and
recovery curves should be consistent for maximum and total stem
size.

Our study assessed the importance of considering all stems, not
just the largest stems, when assessing size recovery after complete
removal of aboveground biomass. The ability of plants to produce
multiple resprouts did not allow individuals to reach a larger
equilibrium size or recover a greater proportion of their pre-
coppicing size. Production of multiple stems, therefore, does not
appear to affect persistence in frequently burned ecosystems in
regard to the balance between biomass loss and recovery. Our
study species are all trees that resprouted from the root crown; it is
not clear how differences in allometric constraints on resprout
allocation (e.g., shrubs vs. trees; [57]) or the belowground structure
from which resprouts are produced (e.g., lignotubers or rhizomes;
[3]) influence relationships between maximum and total stem size.
Nevertheless, accounting for only the largest pre-fire stem and
largest resprout appears to be an adequate predictor of species’
equilibrium size and their ability to recovery their pre-fire size and
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should not lead to misinterpretation of persistence ability over
multiple fire cycles.

Supporting Information

Dataset S1 Pre-coppicing and resprout stem volume
and biomass.

(XLSX)

References

1.

2.

20.

21.

22.

23.

Bellingham PJ, Sparrow AD (2000) Resprouting as a life history strategy in
woody plant communities. Oikos 89: 409-416.

Hoffman WA, Moreira AG (2002) The role of fire in the population dynamics of
woody plants. In: Oliveira PS, Marquis R], editors. The cerrados of Brazil:
ecology and natural history of a Neotropical savanna. New York: Columbia
University Press. pp. 159-177.

. Clarke PJ, Lawes M]J, Midgley JJ, Lamont BB, Ojeda F, et al. (2013)

Resprouting as a key functional trait: how buds, protection and resources drive
persistence after fire. New Phytol 197: 19-35.

. Drewa PB, Platt WJ, Moser EB (2002) Fire effects on resprouting shrubs in

headwaters of southeastern longleaf pine savannas. Ecology 83: 755-767.

. Moreno JM, Oechel WC (1991) Fire intensity and herbivory effects on postfire

resprouting of Adenostoma  fasciculatum in southern California chaparral.
Oeccologia 85: 429-433.

. Lloret F, Lopez-Soria L (1993) Resprouting of Erica multiflora after

experimental fire treatments. J Veg Sci 4: 367-374.

. Cruz A, Pérez B, Quintana J, Moreno J (2002) Resprouting in the

Mediterranean-type shrub Evica australis affected by soil resource availability.

J Veg Sci 13: 641-650.

Klimesova J, Klime§ L (2007) Bud banks and their role in vegetative
regeneration — A literature review and proposal for simple classification and
assessment. Perspect Plant Ecol 8: 115-129.

Canadell J, Lopez-Soria L (1998) Lignotuber reserves support regrowth
following clipping of two Mediterranean shrubs. Funct Ecol 12: 31-38.

. El Omari B, Aranda X, Verdaguer D, Pascual G, Fleck I (2003) Resource

remobilization in Quercus ilex L. resprouts. Plant Soil 252: 349-357.

. Kabeya D, Sakai S (2005) The relative importance of carbohydrate and nitrogen

for the resprouting ability of Quercus crispula scedlings. Ann Bot 96: 479-488.

. Paula S, Ojeda F (2009) Belowground starch consumption after recurrent severe

disturbance in three resprouter species of the genus Erica. Botany 87: 253-259.
Schutz AEN, Bond WJ, Cramer MD (2009) Juggling carbon: allocation patterns
of a dominant tree in a fire-prone savanna. Oecologia 160: 235-246.

. Moreira B, Tormo J, Pausas JG (2012) To resprout or not to resprout: factors

driving intraspecific variability in resprouting. Oikos 121: 1577-1584.

. Bonfil C, Cortés P, Espelta JP, Retana J (2004) The role of disturbance in the co-

existence of the evergreen Quercus ilex and the deciduous Quercus cerrioides.

J Veg Sci 15: 423-430.
. Konstantinidis P, Tsiourlis G, Xofis P (2006) Effect of fire season, aspect and

pre-fire plant size on the growth of Arbutus unedo L. (strawberry tree) resprouts.
Forest Ecol Manag 225: 359-367.

. Bond W], Midgley JJ (2001) Ecology of sprouting in woody plants: the

persistence niche. Trends Ecol Evol 16: 45-51.

. Grady JM, Hoffmann WA (2012) Caught in a fire trap: Recurring fire creates

stable size equilibria in woody resprouters. Ecology 93: 2052-2060.

. Kennedy LM, Horn SP (2008) Postfire vegetation recovery in highland pine

forests of the Dominican Republic. Biotropica 40: 412-421.

Dacy EC, Fulbright TE (2009) Survival of sprouting shrubs following summer
fire: effects of morphological and spatial characteristics. Rangeland Ecol Manag
62: 179-185.

Hoffmann WA, Solbrig OT (2003) The role of topkill in the differential response
of savanna woody species to fire. Forest Ecol Manag 180: 273-286.

Masaka K, Ohno Y, Yamada K (2000) Fire tolerance and the fire-related
sprouting characteristics of two cool-temperate broad-leaved tree species. Ann
Bot 85: 137-142.

Schafer JL (2010) Effects of fire on nutrient availability and limitation in Florida
scrub ecosystems. Ph.D. Dissertation, Department of Biology, University of
Florida, Gainesville, FL. pp. 257.

. Maguire AJ, Menges ES (2011) Post-fire growth strategies of resprouting Florida

scrub vegetation. Fire Ecol 7: 12-25.

. Malanson GP, Trabaud L (1988) Vigour of post-fire resprouting by Quercus

coccifera L. J Ecol 76: 351-365.

. Olson MS, Platt W] (1995) Effects of habitat and growing season fires on

resprouting of shrubs in longleaf pine savannas. Vegetatio 119: 101-118.

. Falster DS, Westoby M (2005) Tradeoffs between height growth rate, stem

persistence and maximum height among plant species in a post-fire succession.

Oikos 111: 57-66.

PLOS ONE | www.plosone.org

Recovery of Multi-Stemmed Resprouting Trees

Acknowledgments

We thank Alicia Ballard, Spencer Bell, Bradley Breslow, and Ashley
McGuigan for help in the field. Alice Broadhead, Renée Marchin,
Matthew Hohmann, and William Hoffmann provided helpful comments
on the manuscript.

Author Contributions

Conceived and designed the experiments: JLS MG]J. Performed the
experiments: JLS MGJ. Analyzed the data: JLS MG]J. Contributed to the
writing of the manuscript: JLS MGJ.

28.

30.

31.

32.

34.

36.

37.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

52.

Niklas KJ, Cobb ED (2005) N, P, and C stoichiometry of Eranthis hyemalis
(Ranunculaceae) and the allometry of plant growth. Am J Bot 92: 1256-1263.

. Niklas KJ (2007) Maximum plant height and the biophysical factors that limit it.

Tree Physiol 27: 433-440.

Kozovits AR, Matyssek R, Winkler JB, Géttlein A, Blaschke H, et al. (2005)
Above-ground space sequestration determines competitive success in juvenile
beech and spruce trees. New Phytol 167: 181-196.

Niklas KJ (2006) Plant allometry, leaf nitrogen and phosphorus stoichiometry,
and interspecific trends in annual growth rates. Ann Bot 97: 155-163.
Waldrop TA, White DL, Jones SM (1992) Fire regimes for pine-grassland
communities in the southeastern United States. Forest Ecol Manag 47: 195-210.

. Higgins SI, Bond WJ, February EC, Bronn A, Euston-Brown DIW, et al. (2007)

Effects of four decades of fire manipulation on woody vegetation structure in
savanna. Ecology 88: 1119-1125.

Cruz A, Pérez B, Moreno JM (2003) Plant stored reserves do not drive
resprouting of the lignotuberous shrub Erica australis. New Phytol 157: 251
261.

Goorman R, Bartual A, Paula S, Ojeda F (2011) Enhancement of photosynthesis
in post-disturbance resprouts of two co-occuring Mediterrancan Erica species.
Plant Ecol 212: 2023-2033.

Schafale MP, Weakley AS (1990) Classification of the Natural Communities of
North Carolina: Third Approximation. North Carolina Natural Heritage
Program, Division of Parks and Recreation, Department of Environment,
Health, and Natural Resources, Raleigh, North Carolina. pp. 321.

Sorrie BA, Bracey Gray ], Crutchfield PJ (2006) The vascular flora of the
longleaf pine ecosystem of Fort Bragg and Weymouth Woods, North Carolina.
Castanea 71: 129-161.

Stambaugh MC, Guyette RP, Marschall JM (2011) Longleaf pine (Pinus
palustris Mill.) fire scars reveal new details of a frequent fire regime. J Veg Sci
22: 1094-1104.

. Frost CC (1995) Presettlement fire regimes in southeastern marshes, peatlands,

and swamps. In: Cerulean SI, Engstrom RT, editors. Proceeding of the Tall
Timbers Fire Ecology Conference No 19. Tallahassee: Tall Timbers Research
Station. pp 39-60.

U.S. Department of Agriculture, National Resources Conservation Service
(2007) Soil Survey Geographic (SSURGO) database for Fort Bragg, North
Carolina, Cumberland and Hoke Counties.

Lashley MA, Chitwood MC, Prince A, Elfelt MB, Kilburg EL, et al. (2014)
Subtle effects of a managed fire regime: A case study in the longleaf pine
ecosystem. Ecol Indic 38: 212-217.

Krall JS, Hohmann MG, Fraterrigo JM (2014) Contingent fire effects on
granivore removal of exotic woody plant seeds in longleaf pine savannas. Biol
Invasions 16: 1055-1068.

Fowler C, Konopik E (2007) The history of fire in the Southern United States.
Human Ecol Rev 14: 165-176.

Fill JM, Welch SM, Waldron JL, Mousseau TA (2012) The reproductive
response of an endemic bunchgrass indicates historical timing of a keystone
process. Ecosphere 3: art61.

. Vesk PA, Westoby M (2004) Sprouting ability across diverse disturbances and

vegetation types worldwide. J Ecol 92: 310-320.

Robertson KM, Ostertag TE (2009) Biomass equations for hardwood resprouts
in fire-maintained pinelands in the southeastern United States. South J App For
33: 121-128.

Bowen BJ, Pate JS (1993) The significance of root starch in post-fire shoot
recovery of the resprouter Stirlingia latifolia R. Br. (Proteaceae). Ann Bot 72: 7—
16.

Olano JM, Menges ES, Martinez E (2006) Carbohydrate storage in five
resprouting Florida scrub plants across a fire chronosequence. New Phytol 170:
99-106.

Noble JC (2001) Lignotubers and meristem dependence in mallee (Eucalyptus
spp.) coppicing after fire. Aust J Bot 49: 31-41.

King DA (1986) Tree form, height growth, and susceptibility to wind damage in
Acer saccharum. Ecology 67: 980-990.

. Fang X-W, Turner NC, Xu D-H, Jin Y, He J, et al. (2013) Limits to the height

growth of Caragana korshinskii resprouts. Tree Physiol 33: 275-284.
Davies SJ, Myerscough PJ (1991) Post-fire demography of the Wet-mallee
Eucalyptus leuhmanniana ¥.Muell. (Myrtaceae). Aust J Bot 39: 459-66.

August 2014 | Volume 9 | Issue 8 | 105600



53.

o
=3

Schafer JL, Mack MC (2014) Growth, biomass, and allometry of resprouting
shrubs after fire in scrubby flatwoods. Am Midl Nat In press.

Drewa PB, Thaxton JM, Platt W] (2006) Responses of root-crown bearing
shrubs to differences in fire regimes in Pinus palustris (longleaf pine) savannas:
Exploring old-growth questions in second-growth systems. Appl Veg Sci 9: 27—
36.

. Hmielowski TL, Robertson KM, Platt W] (2014) Influence of season and

method of topkill on resprouting characteristics and biomass of Quercus nigra

PLOS ONE | www.plosone.org

12

57.

Recovery of Multi-Stemmed Resprouting Trees

saplings from a southeastern U.S. pine-grassland ecosystem. Plant Ecol
DOI:10.1007/511258-014-0380-5.

Robertson KM, Hmielowski TL (2014) Effects of fire frequency and season on
resprouting of woody plants in southeastern US pine-grassland communities.
Occologia 174: 765-776.

Hermann J-M, Huag S, Pillar VD, Pfadenhauer J (2012) Shrubs versus
‘gullivers’: woody species coping with disturbance in grasslands. Plant Ecol 213:
1757-1768.

August 2014 | Volume 9 | Issue 8 | 105600



