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Abstract The historical range of longleaf pine (Pinus
palustris P. Mill) has been greatly reduced, in part, by lack
of fire. Recently, the application of fire has become an
accepted practice for the restoration of longleaf pine to for-
mer parts of its natural range. This study was designed to
evaluate the effects of season of prescribed fire on the root
growth and nonstructural carbohydrate concentrations of
longleaf pine, and identify the time of year when fire has
the least negative effect on longleaf pine root processes. We
found that root growth was generally less on July-burned
plots than on either March- or May-burned plots and we
attribute these responses to the effect of fire on interaction
between root processes and the soil environment. Specifi-
cally, soil water and temperature conditions may have been
less favorable for root growth on the July-burned plots com-
pared to the March- and May-burned plots. With two years
of information on the seasonal dynamics of foliage produc-
tion, root growth, and root carbohydrates, we determined
that at our study site, optimal prescribed fire would impact
tree growth less in November through March compared
to other times of the year. We also observed that severe
drought during the 1998 growing season was associated
with a 3-month delay in peak root growth, and prolonged
drought in 1999 through 2000 coincided with a reduction in
root starch storage. We conclude that season of prescribed
fire potentially affects root processes, but that severe or pro-
longed drought may either interact with or override these
effects.
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Introduction

Longleaf pine (Pinus palustris P. Mill.) ecosystems dom-
inated as much as 37.2 million hectares of the southeast-
ern United States in the late 1800s (Landers et al. 1995).
By 1935, logging reduced this area 78%. Early efforts to
reestablish longleaf pine were unsuccessful due to the diffi-
culty of regeneration and exclusion of fire as a management
tool (Barnett and Dennington 1992; Boyer 1989; Outcalt
2000). Gradually, the natural range of longleaf pine was
converted to plantations of loblolly (Pinus taeda L.) and
slash pine (Pinus elliottii Engelm.), and today, less than
2 million hectares of longleaf pine forests exist (Landers
et al. 1995; Outcalt 2000; Outcalt and Sheffield 1996).

Fortunately, regeneration research has recently identified
successful approaches to establish longleaf pine (Barnett
and McGilvray 1997; Boyer 1989; McGuire et al. 2001;
Ramsey et al. 2003; Rodrı́guez-Trejo et al. 2003), and fire
is now considered an effective longleaf pine management
tool (Brockway and Lewis 1997; Brockway and Outcalt
2000; Gilliam and Platt 1999; Haywood et al. 2001). As a
result, successful restoration of longleaf pine to portions of
its natural range is ongoing.

The native flora and fauna of longleaf pine ecosystems
benefit from fire every two to four years (Brockway and
Lewis 1997; Haywood et al. 2001; Landers et al. 1995;
Outcalt 2000). Longleaf pine is adapted to withstand fire,
in part, by a thick bark that protects the vascular cambium
from excessive heat. Because this species is highly intoler-
ant of shade, a primary benefit of repeated fire is the con-
trol of competing vegetation. The benefits of repeated fire,
however, have not always been observed in longleaf pine
stemwood growth. Brockway and Lewis (1997) found that
the stem diameter and tree height of longleaf pine was unaf-
fected by prescribed fire in winter that was repeated annu-
ally, biennially, or triennially over a 40-year period. Boyer
(1983, 1987), however, compared the absence of fire and
the application of biennial fire in winter, spring, and sum-
mer in a longleaf pine stand and found that after 10 years,
stem diameter, tree height, stand basal area, and stemwood
volume were reduced by fire regardless of season.
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Inconsistent growth responses to fire may be due to in-
teraction between branch phenology and the season of fire
(Glitzenstein et al. 1995). The effect of season of fire on
stem growth was demonstrated by Weise et al. (1987) who
defoliated 4-year-old loblolly and slash pine in January,
April, July, or October. Stem growth was unaffected by
defoliation in January when foliage was limited to fas-
cicles produced in the previous year (Chung and Barnes
1980; Sword et al. 1996; Tang et al. 1999). Stem growth
was also unaffected by defoliation in July and October
which was several months after the initiation of new shoot
growth. In April, however, when first flush fascicle ex-
pansion was ongoing, foliage removal led to reduced stem
growth. Furthermore, stem growth reductions were pro-
portional to the amount of defoliation. Perhaps removal of
young first flush foliage decreased tree growth by elim-
inating the primary source of carbon for the growth of
subsequent flushes (Dickson 1991).

Because current photosynthate is the main source of en-
ergy for conifer root metabolism (Ritchie and Dunlap 1980;
van den Driessche 1987), root growth could also be directly
affected by fire damage to foliage. In an earlier study, we
found that severe crown scorch in September lowered the
amount of sucrose and starch in the roots of mature longleaf
pine for more than 1 year (Sword and Haywood 1999). A
similar response was observed by Guo et al. (2004) with
a reduction in the total nonstructural carbohydrates of 22-
year-old longleaf pine fine roots 2 months after 80% of
the foliage was scorched in June. In both of these stud-
ies, fine root production was not greatly affected by crown
scorch. Guo et al. (2004) suggested that if stored energy
(e.g., starch) is available for root metabolism and foliage
recovery is rapid then root growth will be maintained af-
ter crown scorch. However, root mortality may eventually
occur if stored energy and photosynthetic capacity remain
low. We hypothesize that fire damage to longleaf pine fo-
liage affects carbon allocation to root carbohydrates and
therefore, new root growth but that this effect is dependent
on the seasonal development of foliage at the time of fire ap-
plication. Our first objective was to document the seasonal
dynamics of longleaf pine foliage and new root growth,
and root nonstructural carbohydrates. Our second objec-
tive was to evaluate the effect of prescribed fire in March,
May, and July on relationships between foliage produc-
tion, fine root growth, and root nonstructural carbohydrate
levels.

Materials and methods

Study site

The study is located on the Palustris Experimental Forest
in the Kisatchie National Forest, Rapides Parish, Louisiana
(approximately 92◦30′W longitude, 31◦N latitude). The
study area was naturally regenerated by the seed tree sil-
vicultural system in 1950–1955 with seed trees harvested
in 1956 (Grelen 1975). In 1962, longleaf pine seedlings
were released by mechanical removal of woody plants over

30 cm tall. Soils at the study site are Ruston fine sandy
loam (Fine-loamy, siliceous, semiactive, thermic Typic
Paleudults), McKamie fine sandy loam (Fine, mixed, su-
peractive, thermic Vertic Hapludalfs), and Gore silt loam
(Fine, mixed, active, thermic Vertic Paleudalfs). The soils
are moderately well drained to well drained, moderately
slowly permeable to moderately permeable, and have a
1–5% slope. The humid, subtropical climate is character-
ized by mean daily summer and winter air temperatures of
27.4◦C and 11.4◦C, respectively. Mean annual precipitation
is 1560 mm with 700 mm received in spring and summer
and 860 mm received in fall and winter (SRCC 2005).

The objective of the original study, established in 1962,
was to monitor long-term changes in woody and herbaceous
vegetation in response to no fire or biennial prescribed burn-
ing in March, May, or July (Grelen 1975; Haywood et al.
2001). There were 16 plots, 0.13 ha each, installed using a
randomized complete block design with four replications
blocked by topography. By age 43 years, prescribed burn-
ing treatments had significantly affected stocking, stem-
wood production, and vegetation diversity. For example,
absence of fire over 37 years converted the dominant pine
species from longleaf pine to loblolly pine. In the present
study, therefore, the non-burned treatment was excluded.
Non-uniform stand density and low stocking on two of
the four replications also eliminated those plots from the
present study. Measurement plots were one large cluster or
patch of six or seven trees and one small cluster or patch
of three or four trees within each plot of the remaining
two replications. Trees in the large and small tree clusters
were unevenly distributed and approximately 1–2 m apart.
Two tree clusters per plot were required so that destruc-
tive root sampling in the large tree clusters did not affect
observations of seasonal root growth in the small tree clus-
ters. Tree clusters on each plot were randomly chosen from
those that contained an adequate number of trees and were
isolated from neighboring trees. Treatments were biennial
prescribed burning in March, May, or July. Plots were pre-
scribe burned with strip-headfires on March 25, May 19,
or July 22, 1998. Prescribed fires scheduled for 2000 were
delayed until 2001 due to a drought-driven federal burning
restriction in 2000. At study initiation in 1998, basal areas
of large and small tree clusters among the plots did not
differ significantly by treatment.

Measurements

Stand environment

Precipitation was measured between July 1997 and De-
cember 2000 with an electronic weather station (Omnidata
International, Inc., Logan, UT) in an open field approxi-
mately 6 km from the study site. Immediately before and
during prescribed fires, soil temperature (◦C) was measured
in the center of each small tree cluster of one replication
using 20-gauge, type T thermocouples placed at 2, 5, and
10 cm depths of the mineral soil (Omega Engineering,
Inc., Stamford, CT). Thermocouples were monitored at
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10-min intervals using an Easylogger (Omnidata Interna-
tional, Inc., Logan, UT).

Foliage dynamics

Projected leaf area index (LAI) was measured monthly be-
tween April 1998 and June 2000 at ten permanent locations
1 m apart along a southeast-facing transect in each large
tree cluster. Simultaneously, data were recorded at a height
of 137 cm between 0700 and 0900 CST along transects and
in an adjacent open field using two Li-Cor LAI-2000 plant
canopy analyzers (Li-Cor, Inc., Lincoln, NE) (Li-Cor, Inc.
1991). Measurements were made with a 45◦ view cap and
exclusion of data associated with the fifth optical ring. The
10 measurements along each transect were averaged and
monthly LAI was expressed as meter squared of projected
surface area per meter squared of forest floor surface area.

Fine root dynamics

New root phenology was documented monthly between
April 1998 and June 2000 by the rhizotron technique
(Sword et al. 1998). Three rhizotrons were installed in Jan-
uary 1998 at random locations at least 1 m from trees in each
small tree cluster. Rhizotrons were constructed of Plexiglas
sheets (0.3 cm × 32 cm × 30 cm), secured to one side of an
excavated area (35 cm × 20 cm × 35 cm). New pine lateral
roots, ≥0.5 cm in length, were traced with a permanent
marker onto acetate sheets (21.6 cm × 30 cm) attached to
the Plexiglas. Pine roots were distinguished from non-pine
roots based on diameter, the appearance of surface color
and texture, ephemeral roots and ectomycorrhizae, and lat-
eral root branch angles, as well as comparison of parent and
lateral root diameters. Observations were recorded cumu-
latively. After each measurement date, a computer image
file of each acetate sheet was created, the length of the lines
contained in each file was quantified using GSROOT soft-
ware (PP Systems, Inc., Bradford, MA) and net lateral root
elongation was calculated by subtraction. Measurements in
each small tree cluster were averaged and net root elonga-
tion in the 0–30 cm depth was expressed as millimeters of
length per decimeter squared of rhizotron per day. Monthly
cumulative root elongation in the 0–30 cm depth between
May and December of 1998 and 1999 was expressed as
millimeters of length per decimeter squared of rhizotron.

Seasonal live and dead fine root biomass were quantified
by the in-growth core method (Vogt and Persson 1991).
A 30-cm2 grid was established in each large tree cluster.
In-growth cores were constructed of heavy-duty plastic net-
ting (1 cm × 0.5 cm mesh), 6 cm in diameter and 10 cm
in length, containing 283 cm3 of air dried, sieved mineral
soil from the 0–10 cm depth at the study site. In each large
tree cluster, 60 in-growth cores were installed at grid coor-
dinates no farther than 5 m from a longleaf pine tree during
a 1-week period in late January using a metal-coring de-
vice (Veihmeyer 1929). Six in-growth cores were randomly
excavated in each large tree cluster at 2-month intervals be-
tween August 1998 and February 2000 and composited.

Pine fine roots, ≤2 mm in diameter, were removed from
cores by wet sieving. Because pine fine root biomass is
characterized by a high degree of natural variation (Ben-
gough et al. 2000), roots were separated into categories
to better resolve fine root biomass responses. Pine roots
were distinguished from non-pine roots based on diam-
eter, surface color and texture, plasticity, the appearance
of ephemeral roots and ectomycorrhizae, and lateral root
branch angles. Pine roots were further categorized as live
and vigorous, live and senescent, or dead based on color,
the appearance of root tips, elasticity, turgor, and adher-
ence of the cortex to the vascular cylinder. Roots in each
category were oven-dried (70◦C) to equilibrium, ground in
a Wiley mill (1 mm2-mesh), and combusted (450◦C, 8 h)
to obtain ash weights. Fine root biomass by root category
was expressed as grams of ash-free root tissue per cubic
centimeters of soil volume. Vigorous and senescent fine
root biomass were summed for live fine root biomass, and
live and dead fine root biomass were summed for total fine
root biomass. Fractions of vigorous, senescent, dead, and
live fine root biomass were calculated.

Root nonstructural carbohydrate relations

Root starch, glucose, and sucrose concentrations were mea-
sured monthly between March 1998 and April 2001. At
each measurement interval, five soil cores, 6.5 cm in di-
ameter and 10 cm deep, were extracted from the periph-
ery of small tree clusters using a metal-coring device and
composited (Veihmeyer 1929). Approximately 1 h after
sampling, live pine coarse roots, >2 ≤ 5 mm in diam-
eter, were washed from the soil and packed in dry ice.
Frozen roots were freeze-dried and ground in a Wiley mill
(1 mm2 mesh). Using a modification of the procedure of
Jones et al. (1977), root starch, glucose, and sucrose con-
centrations were quantified and expressed as mg per g of
ash-free dry weight.

Statistical analysis

The normal distribution of all variables was assessed by
the Shapiro–Wilk statistic (SAS Institute, Inc. 1991). Val-
ues of LAI, net root elongation, and cumulative root length
were transformed to natural logarithms, and root sucrose
and starch concentrations, and dead, vigorous, senescent,
and live fine root biomass were transformed to square roots
to establish normality. Values of LAI, monthly net and cu-
mulative root elongation, coarse root carbohydrate concen-
trations, and fine root biomass by root category were eval-
uated by analyses of variance using a repeated measures,
completely random design with the Mixed procedure of
SAS Version 8.1 (SAS Institute Inc., Cary, NC). Repeated
measures were measurement date, and treatments were pre-
scribed burning in March, May, or July. A similar analy-
sis was conducted on fine root biomass and fractions of
fine root biomass by root category for measurements taken
after a steady state of fine root production was achieved in
December 1998. Main and interaction effects were consid-
ered significant at P≤0.05 unless otherwise noted. Means
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were compared with the least significant difference (LSD)
test and considered significantly different at P≤ 0.05 unless
otherwise noted.

The linear relationship between monthly net root elonga-
tion and precipitation between April and October of 1998
and 1999 was evaluated by ordinary least-squares regres-
sion. The slope of regression equations was considered
significant at P≤0.05 unless otherwise noted.

Results

Stand environment

Immediately before burning, soil temperature exhibited lit-
tle variation by depth with means across the 2–10 cm depth
in March, May, and July of 15.2, 22.7, and 27.2◦C, respec-
tively. Equipment failure prevented measurement of soil
temperature during the March burn. During the May burn,
mean soil temperature at the 2, 5, and 10 cm depths in-
creased by 36% (29.7◦C), 18% (26.3◦C), and 5% (23.9◦C),
respectively, with a maximum soil temperature of 37.5◦C
at the 2 cm depth. During the July burn, soil temperature
was only elevated by 7% at the 2 cm depth (29.3◦C).

When compared to the 30-year regional mean between
1971 and 2000 (SRCC 2005), annual precipitation was
reduced by 22, 29, and 20% in 1998, 1999, and 2000, re-
spectively (Fig. 1a). Precipitation during the active growing
season (i.e., March-October) was 47% less than normal in
1998 and 28 and 21% less than normal in 1999 and 2000,
respectively.

Foliage dynamics

Leaf area index was significantly affected by measurement
date but not by prescribed burning treatment (Table 1).
Mean LAI on the March-burned plots, however, appeared
to be consistently higher than that on the May- and July-
burned plots (Fig. 1b). Failure to detect a significant dif-
ference in LAI among the months of prescribed burning
may have been due to the low number of replications in
the study. The magnitude of peak LAI was similar between
1998 and 1999 with a mean peak LAI of 1.97 m2/m2. The
duration of peak LAI extended over 4 months in 1998 (July
through October) and over 2 months in 1999 (August and
September). A significant interaction between prescribed
burning treatment and measurement date was observed for
LAI. However, prescribed burning treatment did not affect
LAI within a measurement date.

Fine root dynamics

Net root elongation was significantly affected by measure-
ment date, and cumulative root length between May and
December was significantly affected by measurement date
and interaction between measurement date and prescribed
burning treatment (P=0.0914) (Table 1). Net root elonga-
tion was modal with maximums in August through October
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Fig. 1 (a) Mean monthly precipitation (mm) between 1971 and
2000 in central Louisiana, and total monthly precipitation between
July 1997 and December 2000 in a mature longleaf pine stand on the
Palustris Experimental Forest in Rapides Parish, Louisiana, and (b)
monthly projected leaf area index (LAI) (m2/m2) of mature longleaf
pine between April 1998 and June 2000 in response to prescribed
burning in March, May, or July. Bars represent the standard error
of the mean (n=2). The dotted lines represent the beginning of a
new year, and the solid lines and arrows represent the time frame of
precipitation measurements when LAI was measured. Data were not
collected in November 1998, March 1999, and February 2000

of 1998 and May through July of 1999 (Fig. 2a). Net root
elongation during these peaks did not differ significantly
between years. Cumulative root elongation between May
and December was significantly greater in 1999 than 1998
for all months except October (Fig. 2b). However, we can-
not attribute these differences to year alone because the
time between rhizotron installation and root observation
differed by year. Between September and December of
1998, cumulative root elongation was significantly greater
on the March-burned plots than on the July-burned plots
(Fig. 2c).

During May through October which is the range of
months that maximum root elongation occurred in 1998
and 1999, monthly root elongation tracked closely with
precipitation during the month of, and month prior to
root elongation measurement in 1998 (Fig. 3a), and 1999
(Fig. 3b). Linear relationships between monthly root elon-
gation and precipitation during the month of root elon-
gation measurement (P=0.0537, R2=0.3234, Sy·x (root-
mean square error) =1.1727 mm/dm2/day), and precip-
itation in the month prior to root elongation measure-
ment (P=0.0182, R2=0.4426, Sy·x=1.0644 mm/dm2/day)
were significant. Inclusion of both precipitation variables
in the regression equation explained 69% of the variation
in monthly peak root elongation rate (P=0.0054). Partial
coefficients of determination for precipitation during the
month of, and month prior to root observations were 24%
(P=0.0263) and 44% (P=0.0182), respectively.

Total, live, vigorous, senescent, and dead fine root
biomass were significantly affected by measurement date
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Table 1 Probabilities of a
greater F value (Pr > F) for leaf
area index (LAI), net root
elongation, cumulative root
length, fine root production and
root carbohydrate
concentrations of mature
longleaf pine in central
Louisiana after prescribed
burning in March, May, or July

Variable Effect Degrees of freedom Pr > F

LAI Burning treatment (T) 2 0.3765
Measurement date (D) 24 0.0001
T×D 48 0.0106

Net root elongation Burning treatment 2 0.4770
Measurement date 22 0.0001
T×D 44 0.6125

Cumulative root length
since May

Burning treatment 2 0.6142
Measurement date 14 0.0001
T×D 28 0.0914

Total fine root biomass Burning treatment 2 0.5708
Measurement date 9 0.0001
T×D 18 0.1628

Live fine root biomass Burning treatment 2 0.5123
Measurement date 9 0.0048
T×D 18 0.1458

Vigorous fine root biomass Burning treatment 2 0.7181
Measurement date 9 0.0201
T×D 18 0.3838

Senescent fine root biomass Burning treatment 2 0.0634
Measurement date 9 0.0001
TxD 18 0.4053

Dead fine root biomass Burning treatment 2 0.7752
Measurement date 9 0.0001
T×D 18 0.5092

Root starch concentration Burning treatment 2 0.7072
Measurement date 30 0.0001
T×D 60 0.0807

Root glucose concentration Burning treatment 2 0.9898
Measurement date 29 0.0001
T×D 58 0.8778

Root sucrose concentration Burning treatment 2 0.6561
Measurement date 29 0.0001
T×D 58 0.7731

(Table 1). A steady state of total fine root biomass at the
0–10 cm depth was reached by December 1998, 11 months
after in-growth core installation (Fig. 4). Between August
1998 and February 2000, maximum values of vigorous,
senescent, and dead fine root biomass occurred in De-
cember 1998 through April 1999, June through August
1999, and June through December 1999, respectively. Pre-
scribed burning treatment significantly affected senescent
fine root biomass (P=0.0634) with more senescent fine
root biomass on the March-burned (33% increase) and
May-burned (120% increase) plots than on the July-burned
plots.

When fine root biomass data collected before a steady
state of total fine root production were excluded from the
analyses, total, live, vigorous, senescent, and dead fine
root biomass and fractions of live, vigorous, senescent,
and dead fine root biomass were significantly affected by
measurement date (P values not shown). In addition, inter-
action between measurement date and prescribed burning
treatment significantly affected live (P=0.0518) and total
(P=0.0843) fine root biomass. Live fine root biomass was
significantly higher on the May-burned plots than on the

March-burned plots on two dates, and on the July-burned
plots on three dates (Fig. 5). Total fine root biomass was
higher on the May-burned plots than on the March- and
July-burned plots on one date (April 1999) (March burn:
0.18 g/cm3, May burn: 0.40 g/cm3, July burn: 0.16 g/cm3).

Root nonstructural carbohydrate relations

Coarse root starch, glucose, and sucrose concentrations
differed significantly by measurement date (Table 1). Con-
centrations of root starch and glucose exhibited comple-
mentary seasonal patterns (Fig. 6a, b). Maximum and
minimum concentrations of root starch were in February
through May, and September through November, respec-
tively. Maximum and minimum concentrations of root glu-
cose were in July through December, and March through
April, respectively. Starch depletion from roots occurred
between May and October, whereas, an accumulation of
glucose in roots generally occurred between May and
November. The maximum concentration of root starch was
significantly less in 1999, 2000, and 2001 than in 1998, and
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root glucose concentration was significantly less in April,
May, November, and December of 2000 compared to 1998
and 1999. Root sucrose concentration did not exhibit a
distinct seasonal pattern among years (Fig. 6c). After April
2000, however, root sucrose concentration was significantly
higher than in 1998 or 1999. Prescribed burning treatment
had a significant effect on coarse root starch concentration
(P=0.0807). Mean comparisons by the LSD test indicated
that root starch concentration was significantly affected by
prescribed burning treatment on seven of 31 measurement
dates. Consistent effects were observed on four measure-
ment dates between June and August 1998 and in June
2000 with significantly lower (38–68%) root starch con-
centrations on the May-burned plots than the July-burned
plots.
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Fig. 6 Monthly longleaf pine coarse root (>2 ≤ 5 mm in diameter)
(a) starch, (b) glucose and (c) sucrose concentrations (mg/g) in 1998,
1999, 2000, and early 2001 in a mature longleaf pine stand. Bars rep-
resent the standard error of the mean (n=2). Data were not collected
in November 1998, March 1999 and July through September 2000

Discussion

Prescribed fire and soil environment × root
interactions

The month that prescribed fire was applied did not af-
fect foliage dynamics and therefore, we were unable to
evaluate relationships between fire-induced changes in leaf
area, and both root growth and root carbohydrate concen-
trations. As the prescribed fires were ignited, it became
apparent that fire intensities and damage to foliage would
be low. Three years after the treatments were applied, Hay-
wood et al. (2001) concluded that repeated biennial burning
since 1962 at our study site created understory vegetation
that favored low, rather than high intensity burns. Future
research to evaluate relationships between foliage and fine
root dynamics in response to prescribed fire should be done
with younger trees characterized by smaller heights to the
crown and in stand conditions conducive to moderate fire
intensity.

Although foliage dynamics was not affected by pre-
scribed fire, fine root production and starch concentration
responded to month of prescribed fire. On the July-burned
plots, we found less cumulative root length in rhizotrons
during 1998 compared to the March-burned plots, a lower
amount of live fine root biomass compared to the May-
burned plots, and higher coarse root starch concentrations
during the period of starch depletion in 1998 compared to
the May-burned plots.

Three conditions unique to 1998 may have caused inter-
action between the soil environment and root phenology
such that fine root production was less on the July-burned
plots compared to the March- or May-burned plots. First,
a rainfall deficit in 1998 progressively worsened between
March and August (Fig. 1a), and burning may have ex-
acerbated water limitations by increasing soil evaporation
(Neary et al. 1999; Pritchett 1979; Wells et al. 1979). Be-
cause root growth is sensitive to water availability (Kauf-
mann 1968; Torreano and Morris 1998), it is likely that the
impact of water deficit and post-fire soil evaporation on fine
root production was greater in July than in March or May.
Second, burning causes a temporary elevation of surface
soil (i.e., 0–10 cm depth) temperature which occurs more
rapidly in dry soil compared to wet soil (Campbell et al.
1995). Thus, the duration of temperatures lethal to surface
roots in the drier month of July was longer than in the wet-
ter months of March and May. Third, root elongation was
delayed by 3 months in 1998 with the onset of peak root
growth at the time of the July burn (Fig. 2a). We suggest
that less fine root production was observed on the July-
burned plots compared to the March- or May-burned plots
because of the simultaneous occurrence of water deficit,
exposure of existing surface roots to an extended period of
high temperature during fire, and changes in root phenol-
ogy that increased the exposure of new roots to water deficit
and high surface soil temperature. Although precipitation
was below-normal in 1999, season of burn did not affect
longleaf pine root growth. However, since we did not burn
in 1999, we did not expect to see a root elongation response
similar to that observed in 1998.

Another factor possibly affecting longleaf pine fine root
production in response to month of prescribed fire is post-
fire soil warming. Because longleaf pine new root growth
and soil temperature are positively correlated (Jones et al.
2003; Sword Sayer et al. in press), and combustion of the
understory and forest floor increases soil insolation and heat
absorption (Neary et al. 1999; Pritchett 1979; Wells et al.
1979), we propose that fine root production was stimulated
by post-fire soil warming. In general, optimum tempera-
tures for the root growth of woody plants range between
20◦C and 25◦C (Kozlowski et al. 1991). In an earlier study,
12- and 1.8-fold increases in the new root growth of lon-
gleaf pine seedlings were observed over a 28-day period
as soil temperature increased from 13◦C to 18◦C and 18◦C
to 23◦C, respectively (Sword Sayer et al. in press). Before
burning in March, May, and July, soil temperatures aver-
aged 15◦C , 22◦C , and 27◦C, respectively. When ambient
soil temperature was sub-optimal (i.e., March and May)
new root growth may have been stimulated by post-fire
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soil warming. Similar observations were made by Balisky
and Burton (1997) who found that soil warming of out-
planted lodgepole pine (Pinus contorta Dougl. Ex Loud.)
and Engelmann spruce (Picea engelmannii Parry ex En-
gelm.) seedlings stimulated new root growth. In addition, a
small post-fire increase in soil temperature after burning in
May could have accelerated coarse root starch metabolism
between May and October on the May-burned plots com-
pared to the July-burned plots.

Potential benefits of soil warming to new root growth are
possible. However, the seasonal nature of new root growth
indicates that these benefits vary in magnitude depending
on the synchrony of prescribed fire and maximum rates of
new root growth. Past research has shown that in the ab-
sence of severe drought, maximum rates of new loblolly
pine root growth occur between May and July (Farrish
1991; Sword Sayer and Tang 2004). Similarly in 1999, the
peak fine root growth of longleaf pine occurred in May
through July (Fig. 2a). Biennial increases in soil tempera-
ture during the late winter or early spring of years character-
ized by normal root phenology could stimulate early fine
root growth, and therefore, soil resource uptake and tree
growth intermittently throughout the lifetime of a stand.
However, because the stemwood growth and root carbohy-
drate status of Pinus are sensitive to foliage loss (O’Neil
1962; Sword and Haywood 1999; Weise et al. 1987), the
beneficial effects of soil warming on fine root production
may be contingent on a minimum amount of fire-induced
damage to foliage.

Prescribed fire and leaf area × Root interactions

Optimal prescribed fire results in desirable understory and
forest floor changes with a minimum amount of crown
scorch, and the absence of temperatures that are lethal to
the bole and roots of managed trees. With information on
the seasonal dynamics of foliage production, root growth,
and root carbohydrates, we can deduce the time of the year
when optimal prescribed burning has little effect on lon-
gleaf pine growth at our study site. Photosynthate stored
as root starch is an important source of energy for intern-
ode and fascicle growth (Dickson 1989; Dickson 1991;
Friend et al. 1994), and root metabolism if current photo-
synthate is limiting (Noland et al. 1997; Philipson 1988).
At our study site, starch accumulated in longleaf pine roots
between December and February (Fig. 6a). We suggest
that maximum starch storage in longleaf pine roots at our
study site requires the retention of foliage through February
of the previous phenological year (e.g., March–February).
Furthermore, our observation of longleaf pine root phenol-
ogy (Fig. 2a) and those reported for loblolly pine (Farrish
1991; Sword Sayer and Tang 2004) provide evidence that
the majority of new pine root growth normally occurs be-
tween May and July. Because current photosynthate is the
primary source of energy for root metabolism (Ritchie and
Dunlap 1980; van den Driessche 1987; Wargo 1979), we
propose that longleaf pine root growth is vulnerable to an
energy shortfall caused by foliage damage before July.

Using loblolly pine as a surrogate for longleaf pine, it is
possible to further define the timeframe when longleaf pine
growth is least vulnerable to fire damage to foliage with in-
formation from Weise et al. (1987). They found that the
stemwood growth of loblolly pine was reduced by defolia-
tion in April, but was unaffected by defoliation in January,
July, or October. It appears as though foliage, either present
or produced between February and June, was important for
loblolly pine stemwood growth. Other research indicates
that expansion of the first flush fascicles and second flush
internodes of loblolly pine occurs between March and June
(Chung and Barnes 1980; Sword et al. 1996; Tang et al.
1999). In two mature longleaf pine stands, Sheffield et al.
(2003) reported the occurrence of only one consistent flush
over a 3-year period and the expansion of first flush fasci-
cles between April and July or August depending on site
moisture regime. If the physiological function of foliage
during the expansion of first flush fascicles is necessary for
the normal stemwood growth of longleaf pine, damage to
first flush fascicles must be minimized between April and
August.

This information suggests that fire damage to foliage
could adversely affect stemwood growth between Decem-
ber and February by reducing starch storage in roots, or
between April and August by either limiting the amount
of photosynthate available for root metabolism or reducing
the physiological function of foliage during first flush fas-
cicle expansion. We hypothesize, therefore, that prescribed
fire at our study site would have little effect on stemwood
growth in March or September through November. Since
lower intensity fires with less crown scorch are expected in
fall and winter compared to other times of the year (Glitzen-
stein et al. 1995; Wade and Johansen 1986), this window
could be expanded to September through March. Although
we have proposed a seasonal window when optimal pre-
scribed fire has little effect on longleaf pine growth at our
study site, further research is required to test and validate
our hypotheses, and apply these results to other locations.

Root response to prolonged drought

As previously discussed, peak root elongation was delayed
by 3 months in 1998, and we partially attribute this shift
in root phenology to water limitations. The amount of root
elongation was also affected by water availability. Specif-
ically, monthly root elongation in rhizotrons during May
through October of 1998 and 1999 was positively corre-
lated with precipitation during the month of measurement
and month before measurement (Fig. 3). Partial coefficients
of determination for precipitation during the month of
(24%), and month prior to (44%) root observations were
significant but relatively small. Similar responses of tree
root growth to water availability during drought have been
observed but are variable in magnitude. For example, Jones
et al. (2003) found that during drought, less longleaf pine
fine root production occurred on drier compared to wetter
microsites in a Georgia coastal plain forest. Joslin et al.
(2000), however, reported only small and non-significant
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decreases in fine root production in response to water
deficit in an upland Quercus forest. It is apparent that in
addition to soil water availability, other microsite variables
as well as their spatial and temporal variability influence
fine root production during drought (Jones et al. 2003;
Joslin et al. 2000; Sword and Tiarks 2002).

In addition to a direct effect, water deficit may indirectly
affect fine root growth by interfering with root carbohydrate
relations. As prolonged drought continued at our study site,
we found two root carbohydrate responses. First, relatively
high levels of root starch in March through May 1998 were
associated with normal precipitation during the period of
starch accumulation between December 1997 and February
1998 (Figs 1a and 6a). However, when severe drought over-
lapped the period of starch accumulation, maximum starch
concentrations were reduced. Jose et al. (2003) found that
the photosynthetic rate of longleaf pine seedlings is sensi-
tive to water deficit, and other studies have shown that the
photosynthetic rate of plantation loblolly pine is reduced
by drought (Ellsworth 2000, Tang et al. 2004). At our study
site, therefore, drought-induced decreases in the photosyn-
thesis of longleaf pine trees may have reduced both the
accumulation and maximum concentration of coarse root
starch in 1999 and 2000.

By 2000 which was the third consecutive year of drought,
we also found that in general, coarse root glucose con-
centration was lower (29%) and coarse root sucrose con-
centration was higher (127%) than the mean of values in
1998 and 1999 (Figs 6b and c). Because root metabolism
requires glucose derived from translocated sucrose, low
root glucose together with an accumulation of root sucrose
suggests that either enzymatic conversion of sucrose into
glucose was inhibited, or the amount of sucrose translo-
cated to the root system exceeded that demanded by both
coarse and fine root metabolism. Tree roots can survive
and grow in dry surface soil if deep soil water is available
(Kosola and Eissenstat 1994; Caldwell et al. 1998). By the
third year of drought at our study site, however, if deep soil
water approached depletion, hydraulic limitations to deep
fine root survival and as a result, root mortality may have
increased leading to a lower energy demand for root main-
tenance respiration and growth. We hypothesize that by the
third year of drought, fine root desiccation throughout the
soil profile led to less fine root enzymatic activity and high
rates of fine root mortality. As a result, the demand for glu-
cose by root maintenance respiration and growth was low
and sucrose translocated from the crown accumulated in
the coarse roots that were proximal to fine roots. Further
development of this hypothesis will require simultaneous
measurement of the seasonal growth and carbohydrate re-
lations of coarse and fine roots in response to long-term
water sufficiency and deficiency.

Summary

In this study, we were unable to address our original goal
which was to evaluate how fire-induced changes in leaf
area at different times of the year affect longleaf pine root

processes. However, our post-fire observations of foliage
production, root growth, and root carbohydrates over 2
years provide information useful for the development of
new research to determine the physiological mechanisms
of how repeated fire affects the root processes and stand
productivity of longleaf pine.

We estimated the seasonal pattern of longleaf pine root
growth at our study site with peak production of vigorous
fine root biomass between December and April followed
by maximum root elongation between May and July. Sea-
sonal concentrations of coarse root starch and glucose were
modal and complementary, but coarse root sucrose was not
characterized by a seasonal pattern. Severe drought during
the growing season delayed the period of maximum root
elongation in 1998. Furthermore, drought between 1998
and 2000 altered concentrations of coarse root starch in
1999 and 2000, and concentrations of coarse root glu-
cose and sucrose in 2000. Also, longleaf pine fine root
growth was generally less on the July-burned plots than on
the March- and May-burned plots. We speculate that sea-
son of prescribed fire influenced longleaf pine root growth
and carbohydrate concentrations by affecting relationships
between fine root growth and soil water and temperature
conditions. Analysis of the seasonal dynamics of foliage
production, root growth, and root carbohydrates over two
years, suggested that potential negative effects of fire on
root and shoot growth at our study site are less when fire is
prescribed in November through March rather than April
through October.
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